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A.  DIRECTOR’S  OVERVIEW 


This  document  is  the  third  and  final  annual  report  of  the  Cornell  Joint 
Services  Electronics  Program  for  the  period  from  May  1, 1993  to  April  30,  1996. 
This  report  cover  the  time  interval  from  May  1, 1995  to  April  30,  1996.  The 
program  is  focused  on  ultra-high  speed  compoimd  semiconductor  photonics 
with  work  units  on  compound  semiconductors  materials  growth, 
femtosecond  optical  sources  and  characterization  of  materials  and  devices, 
device  physics  and  simulation,  device  design  and  fabrication  components  in  a 
synergistic  fashion.  Six  task  investigators,  Profe.  R.  Shealy,  C.  Tang,  C. 
Pollock,  P.  Krusius,  Y.  Lo  and  R.  Compton,  with  their  graduate  students  have 
contributed  to  JSEP  research.  The  interactions  and  collaborations  between  the 
participating  groups  have  progressed  according  to  plan.  The  interactions  of 
the  two  recently  added  device  tasks,  one  high  speed  light  sources  and  other 
one  light  detectors,  with  other  tasks  of  the  program  have  borne  fruit.  7 
MS/PhD  graduate  students  and  two  research  staff  members  have  been 
partially,  or  fully,  supported  by  JSEP  this  year.  A  total  of  48  publications  and  6 
theses  were  written  in  this  period  and  are  now  in  various  stages  of  processing. 
6  PhD  degrees  have  been  awarded  to  JSEP  supported  students  during  this 
reporting  period  and  several  others  are  close  to  finishing. 

A  group  of  faculty  with  extensive  expertise  and  track  record  in 
compormd  semiconductor  materials,  electronic  devices,  femtosecond  optical 
sources  and  measurements  methods,  photonic  devices,  micro  and 
nanofabrication  and  device  physics.  Indicators  of  tihis  strength  are,  for 
example:  past  JSEP  programs,  which  during  their  16  year  history  have  focused 
compound  semiconductor  materials  and  high  speed  electronic  devices  and 
femtosecond  optics;  the  Optoelectronics  Technology  Center,  a  consortium 
consisting  of  Cornell  University,  University  of  California  Santa  Barbara, 
University  of  California  San  Diego,  which  is  supported  by  ARPA  and  is  in  its 
second  three  year  phase;  the  Cornell  Nanofabrication  Facility  supported  by  the 
National  Science  Foundation  and  industry,  one  of  the  major  nodes  in  the 
National  Nanofabrication  Network;  the  Materials  Science  Center  supported 
by  the  National  Science  Foundation;  the  Cornell  Center  for  Theory  and 
Simulation,  one  of  the  national  supercomputer  centers  supported  by  the 
National  Science  Foundation;  and  many  individual  programs  supported  by 
federal  and  industrial  sources.  The  Compound  Semiconductor  Materials 
Growdi  Facility  with  several  OMVPE  reactors;  the  Optoelectronics  Laboratory 
for  optical  experiments  and  measurements  within  the  School  of  Electrical 
Engineering;  and  several  imique  tunable  femtosecond  laser  sources  and 
complete  femtosecond  optical  characterization  laboratories  are  unique 
resources  for  the  JSEP  research. 
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B.  DESCRIPTION  OF  SPECIAL  ACCOMPUSHMENTS  AND  TECHNOLOGY 
TRANSITION 

B.l  DESCRIPTION  OF  SPECIAL  ACCOMPLISHMENTS  AND 
TECHNOLOGY  TRANSIHON 

A  number  of  significant  achievements  have  been  reached  during  this 
reporting  period.  The  organometallic  vapor  phase  epitaxial  (OMVPE) 
compoimd  semiconductor  materials  growth  effort  imder  ihe  leadership  of 
Prof.  R.  Shealy  has  focused  on  flow  modulation  epitaxial  growth  of 
InP/GalnAs  pseudo-alloys,  characterization  of  arsenide  to  phosphide 
interfaces,  and  fabrication  of  preliminary  laser  devices  for  the  1.3  ^im 
wavelength.  The  shortest  period  superlattice  built  to  date  in  the  GalnAs/InP 
materials  system  have  been  demonstrated.  These  layers  have  been  used  to 
fabricate  broad  area  superlattice  heterostructure  lasers  (SL-SCH  t5^e). 
Threshold  currents  as  low  3  kA/cm^  at  room  temperature  have  been  obtained 
in  unoptimized  structmes.  This  group  is  hoping  to  improve  the  room 
temperature  performance  of  these  pseudo-alloy  devices.  If  this  can  be  done, 
these  laser  devices  are  expected  to  have  a  large  impact  on  fiber-optic 
communication. 

The  research  into  new  timable  femtosecond  sources  and  their  use  to 
characterize  compoimd  semiconductor  thin  films  via  femtosecond  optical 
probes  has  continued  imder  the  direction  of  Prof.  Tang.  This  group  has 
demonstrated  for  the  first  time  the  operation  of  a  high  power,  average 
repetition  rate  femtosecond  KNbOg  based  optical  parametric  oscillator  (OPO) 
that  is  continuously  tunable  in  the  wavelength  range  from  2.3  to  5.2  pm. 
Pulses  as  short  as  60  femtoseconds  (fs)  were  measured.  With  this  results  this 
group  has  continuous  spectral  coverage  from  the  visible  light  to  5.2  pm 
wavelength  in  the  femtosecond  time  domain.  They  are  working  together 
with  the  Air  Force  Phillips  Laboratory  on  HgCdTe  materials  that  are 
transparent  to  2.8  pm.  The  objective  is  to  measure  ultrafast  relaxation  times 
for  hot  electronics  using  the  tunable  femtosecond  laser  sources  developed  in 
Prof.  Tang's  group. 

Pollock's  research  group  has  completed  the  femtosecond 
measurements  of  carrier  d5mamics  in  highly  doped  Ino.53Gao.47As  thin  films, 
both  n-and  p-type,  using  near  band-edge  time-resolved  femtosecond  optical 
transmission  correlation.  With  their  additive  pulse  modelocked  (APM)  NaCl 
laser,  operating  with  0.8  eV  pulses,  they  have  probed  the  behavior  of 
photogenerated  carriers  near  the  Fermi  level.  Measurements  have  focused  on 
heavily  doped  InGaAs  thin  films  on  InP  in  order  to  explore  the  effect  of 
background  charge  on  the  relaxtion  of  the  optically  generated  electron-hole 
plasma  in  collaboration  with  Prof.  Krusius'  effort.  Pollock's  group  has 
interacted  with  two  Air  Force  Laboratories.  In  the  first  interaction  with  Mark 
Krol  from  Rome  Laboratory  Photonics  Center,  Griffiss  Air  Force  Base,  they  are 
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attempting  to  characterize  double  quantum  well  structures  prepared  at  Rome 
Laboratories.  The  second  interaction  occurs  with  the  Phillips  Laboratory, 
Kirtland  Air  Force  Base  on  controlling  chaos  primarily  via  synchronization 
and  control  of  chaotic  oscillators.  This  work  will  carry  into  the  next  three  year 
program  period. 

The  research  group  of  Prof.  J.P.  Krusius  has  successfully  extended  their 
dual  carrier  Monte  Carlo  formulation  to  MSM  and  PIN  photodetectors.  Their 
earlier  formulation  was  developed  for  femtosecond  relaxation  of  an  optically 
generated  electron-hole  plasma  under  dual-pulse  correlation  and  pump-and- 
probe  spectroscopy  conditions.  This  group  is  now  in  a  position  to  study  the 
intrinsic  response  of  photodetectors  based  on  a  first  principles  approach  on 
the  pico/ femtosecond  time  scale  on  a  more  rigorous  and  fundamental  level 
than  anybody  before.  First  correlations  widi  measured  data  show  good  overall 
agreement.  The  group  is  in  the  process  of  mapping  out  the  role  of  various 
carrier  process,  fundamental  limits,  and  practical  ultra-high  speed 
photodetector  designs.  The  group  has  collaborated  with  the  research  group  of 
Prof.  Compton  on  MSM  detector  response  correlations  and  designs.  Efforts  are 
imder  way  to  design  the  fastest  response  MSM  detectors  jointly  with  Prof. 
Compton.  The  Krusius'  group  has  continued  to  further  collaborate  with 
Pollock's  femtosecond  measurement  effort  with  the  primary  focus  on  carrier 
relaxation  in  heavily  doped  thin  films  in  the  InGaAs/InP  system.  The 
electron-hole  plasma  relaxation  response  on  longer  time  scales  beyond  the 
autocorrelation  width  (~  200  fs)  appears  now  well  understood,  but 
complications  on  the  shortest  time  scales  remain  to  be  resolved. 

Prof.  Lo's  group  has  been  working  on  vertical  cavity  surface  emitting 
lasers  (VCSEL)  with  strain-compensated  multiple  quantum  wells  (SC-MQW). 
They  have  worked  on  new  SC-MQW  laser  structures  on  materials  from  R. 
Shealy  and  Bellcore  with  the  goal  of  making  VCSELs  for  the  1.3/1.55  pm 
wavelengths.  They  have  developed  a  new  mirror  forming  techiuque  based  on 
wafer  bonding.  This  group  has  demonstrated  1.55  pm  VCSELs  with  threshold 
currents  of  10  -16  mA  at  room  temperature,  a  results  among  the  lowest 
reported  to  date.  They  also  have  developed  an  extensive  theoretical 
framework  for  quantum  well  laser  modeling,  which  facilitates  quantitative 
design  and  analysis  of  the  modulation  response.  Continuous  wave  operation 
of  these  laser  structures  is  the  next  goal  for  this  group.  A  wide  range  of 
applications  awaits  these  lasers  in  parallel  optical  Imks,  optical  microwave 
links,  phase  array  antennas,  fiber  sensors,  fiber  optic  gyroscopes,  and  gas 
sensing  to  name  some  of  them  This  group  has  interacted  with  JSEP  tasks  of 
Shealy,  Pollock,  and  Krusius. 

Prof.  Compton's  group  has  made  progress  on  the  fabrication  and 
characterization  of  high  speed  metal-semiconductor-metal  (MSM)  detectors. 
They  have  successfully  fabricated  AlnAs/GalnAs  MSM  photodetectors  on 
materials  grown  via  molecular  beam  epitaxy  (MBE)  and  metallo-organic 
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chemical  vapor  phase  epitaxy  (MOCVD).  Cu  Schottky  barriers  with  improved 
characteristics  to  the  common  Ti/Pt/Au  have  been  demonstrated.  Low  dark 
currents  in  the  4  pA/pm^  and  response  time  in  the  17  ps  (FWHM)  range  were 
obtained.  These  results  are  comparable  to  the  best  ones  for  any  long 
wavelength  MSM  photodetector.  This  group  has  collaborated  with  the  JSEP 
tasks  of  R.  Shealy  and  P.  Krusius. 

Further  special  accomplishments  are  listed  in  the  description  of 
research  imder  each  of  the  tasks. 
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B.2  VIEWGRAPHS  OF  SPECIAL  ACCOMPLISHMENTS  AND 
TECHNOLOGY  TRANSITION 
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Cornell  JSEP  (F49620-90-C0039)  Task:  C.  L.  Tang 
Femtosecond  Laser  Studies  of  Ultrafast  Processes  in 

Compound  Semiconductors 
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OMVPE  GROWTH  OF  III-V  ALLOYS  FOR  NEW 
HIGH  SPEED  ELECTRON  DEVICES 


Task#l 

Task  Principal  Investigator:  James  R.  Shealy 

Office:  (607)  255-4657 
Lab:  (607)  257-3257 
Fax:  (607)  254-4777 
email :  shealy@ee.comell.edu 


OBTECnVE 

The  overall  program  objective  for  this  task  is  to  extend  the  capabilities  of  our 
Flow  Modulation  Epitaxial  (FME)  processes  to  the  synthesis  of  new 
semiconductor  stmctures  for  high  speed  electronics  and  optoelectronics.  This 
program  has  already  helped  establish  two  FME  apparatus  at  Cornell,  both  of 
which  are  to  be  used  in  ^e  new  program.  The  first  reactor  is  used  to  prepare 
new  hvP-based  and  GaAs-based  heterostructures  for  application  in  mm-wave 
power-HEMTs  and  MSM  photodetectors.  The  InP-based  materials  also  include 
the  preparation  of  new  1.3  |im  laser  structures.  For  HEMTs,  our  objective  is  to 
solve  tile  two  major  problems  encountered  is  the  past  program,  the  leaky 
AUnAs  Schottky  and  buffer/substrate  interface  charge.  Our  approach  is  to 
investigate  a  pseudomorphic  phosphide  barrier  as  AlInAs  is  the  source  of  both 
of  these  problems.  For  lasers,  our  objective  is  to  optimize  stress  compensated 
GalnAsP  superlattice  stmctures  for  low  threshold  (and  high  Tq)  1.3  pm  devices. 
The  second  FME  machine  is  used  to  explore  UV  stimulated  submicrometer 
selective  growth.  As  the  UV  growth  project  is  just  imderway  we  will  not 
discuss  this  work  in  this  report.  Each  of  these  JSEP  activities  provide  leverage 
to  other  programs  (and  vice-versa)  including  our  past  interactions  with 
Hanscom  AFB  and  Hughes  Research  Labs  on  InP-based  HEMTs,  NSF,  Raytheon 
and  WPAFB  on  GaAs-based  selective  growth,  and  finally,  the  Tri-Service 
atomic  scale  imaging  program  at  Cornell.  In  addition,  we  are  extending  the 
FME  process  to  the  nitride-based  materials  with  new  ARPA  support. 

DISCUSSION  OF  STATE-OF-THE-ART 

The  following  discussion  of  the  state-of-the-art  represents  selected  results  from 
the  literature  on  the  synthesis  and  analysis  of  InP-based  materials  and 
heterostructures  as  they  relate  to  the  past  year's  effort.  The  common  theme  for 
each  materials  system  tmder  investigation  is  the  control  of  the  arserude  to 
phosphide  interface.  All  device  stmctures  investigated  in  this  program 
incorporate  these  type  of  interfaces  which  are,  in  general,  the  most  difficult  to 
s)mthesize. 
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structural  Qualities  of  InP-based  Heterostructures 

The  mixed  crystal  GaJni.^ASyPi.y  deposited  on  InP  is  an  important  materials 
system  for  optoelectronic  devices.^'®  Although  Organometallic  Vapor  Phase 
Epitaxy  (OMVPE)  is  t5^ically  the  deposition  method  of  choice  for  tWs  system, 
the  group  V  incorporation,  especially  in  high  bandgap  (low  As  mole  fraction) 
samples,  is  extremely  sensitive  to  the  deposition  temperature.^  Accordingly,  it 
may  be  advantageous  to  find  a  replacement  for  the  random  alloy.  By 
considering  the  quaternary  as  comprised  of  thin  layers  of  lattice  matched 
Gao.47Ino.53As  and  InP,  the  random  alloy  may  be  synthesized  with  short  period 
superlattices  (SPSLs)  or  'pseudo-alloys'  containing  GalnAs  wells  and  InP 
barriers.®  Any  bandgap  between  those  of  GalnAs  (1.67  pm)  and  InP  (0.92  pm) 
may  be  obtained  by  varying  the  well  and  barrier  layer  thickness  appropriately. 
Structures  with  a  room  temperature  bandgap  near  1.3  pm  are  particularly 
interesting  from  an  application  standpoint  because  of  the  importance  of  this 
wavelength  to  optical  fiber  based  communications. 

Since  current  flow  occurs  along  the  direction  perpendicular  to  the  layers  in  the 
pseudo-alloy,  layer  diickness  must  be  adjusted  such  that  carriers  are  not  trapped 
in  the  high  bandgap  InP  barriers.  Appropriate  layer  thickness  are  determined 
by  monitoring  the  superlattice  miniband  widths®  as  a  function  of  superlattice 
structural  parameters.  Larger  miniband  widths  correspond  to  increasing 
wavefunction  overlap  between  adjacent  wells  and  decreasing  probability  of 
carrier  trapping.  Accordingly,  large  miniband  widths  are  desirable  attributes  in 
a  pseudo-alloy.  By  comparing  the  electron  (0.079mo),  light  hole  (0.12mo),  and 
heavy  hole  (0.56mo)  effective  masses  in  GalnAs  and  InP,^  we  see  that  the  heavy 
holes  are  the  most  strongly  confined  carriers  in  the  pseudo-alloy.  It  follows 
that  the  narrowest  minibands  are  associated  with  the  heavy  hole  states  and  that 
the  maximum  barrier  thickness  is  determined  by  the  heavy  hole  miniband 
width.  Kronig-Penney  calculations  using  a  four  band  model*  indicate  that  both 
the  InP  and  GalnAs  thickness  must  be  limited  to  25-35  A  for  heavy  hole 
miniband  formation  to  occur. 

During  the  onset  of  GalnAs  nucleation  on  InP,  growth  does  not  occur  in  the 
same  fashion  as  it  does  in  this  bulk,®'^°  leading  to  interface  related  growth 
surface  roughening.®  Although  this  roughening  may  be  smoothed  by 
deposition  of  the  subsequent  InP  layer,  roughness  can  propagate  from  one 
interface  to  the  next  if  the  InP  is  not  sufficiently  thick.  “  In  this  situation, 
interface  roughness  is  cumulative,  leading  to  further  modification  of  reactant 
incorporation  relative  to  incorporation  in  the  bulk  and  prohibiting  synthesis  of 
structures  with  a  large  number  of  periods.  Because  the  superlattice  stack  must 
be  thick  enough  to  replace  quaternary  layers  in  device  structures  (e.g.  ~0.1-0.2 
pm  for  active  or  waveguide  layers  in  1.3  pm  double  heterostructure  lasers),^^ 
the  superlattice  must  contain  at  least  50  periods  to  constitute  a  viable  pseudo¬ 
alloy.  It  has  been  demonstrated  that  the  detrimental  effects  of  growth  surface 
roughening  may  be  overcome  by  carefully  adjusting  the  reactant  fluxes  in  order 


14 


to  synthesize  lattice  matched  SPSLs  with  a  large  number  of  periods  (>  100).® 
This  is  the  approach  adopted  for  growth  of  the  pseudo-alloys  investigated  in 
this  report. 

PROGRESS 


In  this  section,  progress  on  the  Flow  Modulation  Epitaxial  growth  and 
characterization  of  arsenide  to  phoshide  interfaces  is  presented.  Preliminary 
results  on  1.3  )im  lasers  are  also  given. 

FME  Growth  InP/GalnAs  Pseudo- Alloys:  Application  to  1.3  fim  Lasers 

In  this  study,  we  synthesize  a  variety  of  GalnAs/InP  SPSLs  with  periods  and 
300K  bandgaps  near  50  A  and  1.3  pm,  respectively,  in  order  to  optimize  growth 
of  the  pseudo-alloy.  Samples  were  deposited  at  600°C  in  a  vertical  barrel 
OMVPE  reactor^®  and  consisted  of  a  1500A  InP  buffer  followed  by  50  repetitions 
of  GalnAs  and  InP.  Substrates  were  (100)  n+  InP  misoriented  0.3°  toward  the 
[110].  Source  materials  were  triethylgallium  (TEG),  trimethylindium  (TMIn), 
arsine  (AsHg),  and  phosphine  (PH3).  The  V/m  ratio  was  fixed  at  30  for  the 
GalnAs  and  275  for  the  InP. 


Aomega  (arc  sec) 


Figure  1.  Effect  of  barrier  thickness  on  structural  quality  of  GalnAs/InP  superlattices.  Barrier 
thickness  (superlattice  period)  is  indicated  to  the  right  of  each  spectrum.  Narrowing  and 
strengthening  of  satellites  as  barrier  thickness  is  increased  demonstrates  improving  crystal 
quality.  Inset  shows  effect  of  barrier  thickness  on  BOOK  PL  intensity  for  the  same  samples. 
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Growth  rates  ranged  from  60-180  A/min  for  the  GalnAs  and  23-70  A/ min  for 
the  InP.  The  interface  formation  technique,  optimized  to  promote  smooth 
interface  formation,  has  been  described  previously.®  Raman  scattering,  double 
crystal  x-ray  diffraction  (DCXRD),  photoluminescence  (PL),  and  atomic  force 
microscopy  (AFM)  were  performed  on  the  samples  to  assess  their  optical  and 
structural  quality.  In  addition,  selected  samples  were  examined  witih  high 
resolution  transmission  electron  microscopy  (HRTEM)  to  confirm  layer 
thickness  as  determined  by  DCXRD. 

The  InP's  ability  to  smooth  interfacial  roughness  is  related  to  the  prevailing 
growth  kinetics.  For  example,  as  the  growth  temperature  is  increased,  the 
metal  species  siurface  mobility  similarly  increases.^^  As  long  as  growth 
proceeds  in  the  mass  transport  limited  regime,  the  InP  becomes  more  effective 
at  surface  smoothing  with  increasing  temperature.  For  each  set  of  growth 
parameters,  then,  there  is  a  different  minimum  InP  thickness  required  to 
smooth  the  growth  surface  and  prevent  the  accumulation  of  interfacial 
roughness.  We  sought  to  experimentally  determine  tfiis  minimum  thickness 
for  our  process  by  holding  Ihe  GalnAs  thickness  at  30  A  and  then  monitoring 
crystal  quality  as  the  InP  growth  time  was  altered.  DCXRD  spectra  from  SPSLs 
with  10,  21,  and  39  A  thick  barriers  are  shown  in  Fig.  1. 

As  evidenced  by  the  reduction  in  intensity  and  increase  in  spectral  width  of 
the  superlattice  satellites  in  the  10  A  barrier  sample  relative  to  the  thicker 
barrier  samples,  the  structural  quality  deteriorates  as  the  InP  thickness  is 
reduced  from  21  to  10  A.  The  300K  PL  shows  a  similar  trend,  with  the 
intensity  decreasing  rapidly  as  the  InP  thickness  is  reduced  from  21  A  to  10  A. 
From  these  results,  we  infer  a  minimum  barrier  thickness  near  20  A  for 
growth  of  the  pseudo-alloy  imder  conditions  used  in  this  study. 

To  ascertain  if  pseudo-alloy  synthesis  was  restricted  to  a  rigid  set  of  growth 
parameters,  we  varied  the  growth  rate  from  23  to  70  A/min  in  a  series  of 
samples  while  holding  all  other  parameters  fixed.  Growth  times  were 
adjusted  as  a  function  of  growth  rate  so  that  the  designed  period  would  remain 
constant.  As  above,  the  intended  well  and  barrier  thickness  were  fixed  at  30  A 
and  22  A,  respectively.  The  normalized  TEG  flux  (TEG  flux  divided  by  the  TEG 
flux  required  to  lattice  match  a  bulk  GalnAs  layer  at  a  given  growth  rate-see 
Fig.  3)  was  held  at  0.55.  DCXRD  spectra  from  all  three  structures  were  similar  to 
that  of  the  21  A  thick  barrier  sample  shown  in  Fig.  1,  confirming  good 
structural  quality.  However,  the  average  mismatch  became  increasingly 
negative  as  the  growth  rate  was  decreased.  Raman  scattering  was  used  to 
investigate  the  cause  of  the  mismatch  trend.  Since  optic  phonons  are  most 
sensitive  to  nearest  neighbor  interactions,^®  the  longitudinal  optic  (LO) 
phonons  sampled  with  Raman  scattering  can  be  used  to  probe  interfacial  layers 
in  the  pseudo-alloy.  For  samples  that  are  not  intermixed,  LO  phonons  similar 
to  those  found  in  bulk  superlattice  constituents  (here,  GalnAs  and  InP)  should 
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be  observed.  In  contrast,  interfacial  layers  give  rise  to  distinct  modes  not 
present  in  the  bulk  constituents.**'^^  Raman  spectra  from  the  samples 
described  in  the  previous  paragraph  are  shown  in  Fig.  2. 


Raman  shift  (cm'^) 


Figure  2.  Identification  of  interfacial  layers  in  GalnAs/InP  superlattices  with  Raman  scattering. 
Superlattice  sample  spectra  (solid  lines)  are  compared  to  spectra  from  bulk  superlattice 
constituents  and  the  corresponding  mixed  crystal  quaternary  (dashed  lines).  InP  growth  rate  is 
given  to  the  right  of  each  superlattice  spectrum.  Experimental  conditions  are  as  indicated. 
Mode  identification  is  explained  in  the  text.  Spectra  have  been  normalized  for  comparison. 

Spectra  from  GalnAs,  InP,  and  Ga^  going  7oAso,66Po.34  are  also  included  for 
comparison.  Two  distinct  phonon  bands  are  observed,  with  the  modes  lying 
in  the  range  from  230-270  cm"*  corresponding  to  group  IH-arsenic  vibrations 
and  the  modes  spanning  the  range  from  300-360  cm"*  associated  with  group  IE- 
phosphorous  vibrations.*®  As  expected  for  a  GalnAs/InP  SPSL  with  a  small 
degree  of  intermixing,  distinct  GalnAs-  and  InP-like  modes  are  seen  in  the 
Raman  spectrum  from  the  highest  growth  rate  sample.  In  contrast,  the 
Raman  spectrum  from  the  lowest  growth  rate  sample  is  more  similar  to  the 
mixed  crystal  quaternary  than  to  that  of  either  of  the  intended  superlattice 
constituent  layers.  When  the  Raman  and  DCXRD  measurements  are 
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considered  simultaneously,  the  presence  of  a  tensile  strained  GalnAsP  layer 
whose  thickness  increases  as  the  growth  rate  decreases  is  confirmed. 


Figure  3.  Lattice  matching  calibration  of  GalnAs/InP  superlattices  as  a  function  of  growth  rate. 
Bulk  InP  growth  rates  are  as  indicated.  Open  symbols  correspond  to  the  samples  whose  Raman 
spectra  are  shown  in  Fig.  2.  Solid  lines  are  guides  to  the  eye. 

Simulation  of  the  DCXRD  data  fix  its  location  at  the  barrier  to  well  interface 
and  demonstrate  that  it  is  tensile  strained  due  to  enhanced  Ga  incorporation  at 
this  interface.  Its  behavior  with  growth  rate  is  explained  as  follows:  As  the 
growth  rate  is  decreased,  the  time  required  to  change  growth  from  InP  to 
GalnAs  is  increased.  As  a  result,  the  thickness  of  any  GalnAsP  interfacial  layer 
formed  during  this  transition  time  increases  as  the  growth  rate  decreases.  In 
order  to  determine  if  the  growth  rate  related  layer  intermixing  precluded  the 
formation  of  high  quality,  lattice  matched  samples,  we  varied  the  TEG  flux  for 
four  different  growth  rates  to  obtain  experimental  mismatch  calibration  curves 
for  the  1.3  |xm  bandgap  pseudo-alloy.  As  shown  in  Fig.  3,  the  normalized  TEG 
flux  required  to  preserve  average  lattice  match  was  reduced  in  a  repeatable  and 
predictable  fashion  as  the  growth  rate  was  lowered.  Regardless  of  the  growth 
rate  and  the  corresponding  degree  of  intermixing,  the  flux  could  always  be 
adjusted  appropriately  for  growth  of  lattice  matched  structures  with  good 
optical  and  structural  quality.  In  all  cases,  the  300K  bandgap  of  the  lattice 
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matched  samples  was  near  1.3  |xm  with  full-width  at  maxima  of  60-70  meV, 
comparable  to  the  values  expected  from  the  corresponding  mixed  crystal. 
Because  our  results  are  repeatable  over  a  wide  range  of  growth  rates,  a 
fundamental  growth  parameter,  they  are  general  to  the  OMVPE  growth 
technique  and  are  not  limited  to  the  particular  reactor  geometry. 
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Figure  4.  Comparison  of  pseudo-alloy  and  mixed  crystal  quaternary  optical  properties  and 
surface  morphology.  Experimental  conditions  are  as  indicated.  PL  spectra  have  been 
normalized,  with  normalization  factors  given  in  parenthesis.  Inset  shows  10  pm  x  10  |im  AFM 
surface  micrographs.  Well  defined  lines  are  monolayer  steps. 

In  Fig.  4,  we  compare  the  optical  and  structural  properties  of  a  pseudo-alloy  (52 
A  period)  with  those  of  the  corresponding  random  alloy.  Gag  going  7oAso  6gPp  34. 
Effective  growth  rates  were  0.47  )j.m/hr  and  0.89  pm /hr  for  the  pseudo-  and 
random-alloys,  respectively,  with  the  SPSL  growth  rate  reduced  relative  to  that 
of  die  random  alloy  because  of  10  sec  growth  interruptions  employed  between 
each  layer  in  the  superlattice.®  The  300K  PL  peaked  near  1.34  pm  for  both 
samples,  and  the  intensity  and  spectral  width  were  similar.  Furthermore,  the 
surface  morphology  of  the  pseudo-alloy,  characterized  by  monolayer  steps  in 
the  AFM  micrographs,  is  comparable  to  that  of  the  mixed  crystal. 
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Finally,  we  incorporated  the  pseudo-alloy  in  the  active  region  of  a  broad  area 
superlattice  separate  confinement  heterostructure  (SL-SCH)  laser.  This  study 
represents  the  first  such  attempt  to  do  so.  The  superlattice  lasers  consists  of  InP 
cladding  regions  (1.25  |i,m  on  top  and  0.5  urn  below  the  active  region),  and  0.12 
|j,m  of  GalnAsP  separate  confinement  regions  (with  a  1.1  ^im  bandgap).  A  750 
A  InP  spacer  layer  was  inserted  between  the  p-type,  Zn-doped  cladding  region 
and  the  active  region  to  prevent  Zn  diffusion  into  the  active  region  during 
growth.  Threshold  current  for  an  unoptimized  structure  containing  25  periods 
of  the  pseudo-alloy  in  the  active  region  were  as  low  as  3  kA/cm^  at  room 
temperature  as  shown  in  Fig.  5. 


0  10  20  30  40  50 

1 /Length  (cm'l) 

Figuie  5.  Threshold  ament  density  versus  inverse  cavity  length  of  broad  stripe  1.3  pm  lasers 
with  superlattice  active  regions  compared  against  a  simple  InP/GalnAsP  DH  structure  with  a 
2000  A  ttiick  active  region. 

In  this  figure,  the  threshold  current  density  is  plotted  versus  inverse  cavity 
length.  The  active  gain  region  thickness  is  obtained  by  multiplying  the 
number  of  superlattice  periods  shown  in  the  figure  by  the  period  used  (52  A  in 
these  structures).  For  comparison,  test  data  on  a  DH  structure  with  a  2000  A 
thick  active  region  is  also  given.  For  devices  with  a  bulk  active  region,  we 
expect  the  slope  of  the  lines  drawn  for  each  structure  to  be  inversely 
proportional  to  the  differential  gain-confinement  factor  product.^^  As  the 
number  of  superlattice  periods  increases  the  confinement  factor  increases  with 
the  differential  gain  roughly  constant.  From  this  model,  we  expect  the  slope  of 
the  curves  to  scale  inversely  with  the  number  of  periods  in  the  superlattice 
gain  region.  For  a  multi-quantum  well  device  the  dependence  on  the  slope 
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changes  to  scale  roughly  with  the  quantum  well  dimension  which  is  constant 
in  these  superlattice  devices  (the  confinement  factor  dependence  is  canceled  as 
it  scales  with  the  number  of  wells).  This  model  which  ignores  gain  saturation 
predicts  a  weak  dependence  on  tihe  slope  vs.  1/L).  The  superlattice  devices 
are  somewhere  between  these  two  extremes  as  evidenced  by  the  data  shown  in 
Fig.  5. 

Finally,  if  the  superlattice  devices  are  compared  against  a  similar  SCH  structure 
with  a  bulk  GaInA.sP  active  region  (1500  A  in  thickness),  we  obtain  lasers  with 
roughly  one  half  the  threshold  current  (as  low  as  1500  amps/cm^  for  the  bulk 
active  region).  Although  the  superlattice  devices  exhibit  a  larger  threshold 
current  density,  their  temperature  performance  is  of  great  interest  for 
applications  in  fiber  commimications.  We  are  currently  evaluating  these 
device's  temperature  coefficient  (To)  vmder  pulsed  conditions.  In  any  event, 
this  demonstration  is  an  important  proof  of  principle  (and  the  first)  that  the 
pseudo-alloy  is  a  viable  candidate  for  replacement  of  the  1,3  pm  bandgap  mixed 
crystal  quaternary. 


SCIENTIFIC  IMPACT  OF  RESEARCH 


Our  Flow  Modulation  Epitaxial  process  has  solved  some  very  basic  problems  in 
the  OMVPE  growth  of  As-to-P  interfaces.  We  have  demonstrated  the  shortest 
period  superlattice  built  to  date  with  the  GalnAs/InP  and  incorporated  these 
structures  in  new  1.3  pm  lasers.  If  improved  temperature  performance  is 
observed  in  superlattice  devices  as  we  expect,  diey  will  have  a  large  impact  on 
fiber-based  communication  systems. 


DEGREES  AWARDED 
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FEMTOSECOND  LASER  STUDIES  OF  ULTRAFAST  PROCESSES  IN 
COMPOUND  SEMICONDUCTORS 


Task  #2 

Task  Principal  Investigator:  C.  L.  Tang 

Office:  (607)255-5120 

Fax:  (607)  254-4565 

E-mail:  cltang@ee.comelLedu 


OBTECnVE 

The  objective  of  this  task  is  to  develop  new  femtosecond  sources  and 
measurement  techniques  and  to  apply  these  to  the  study  ultrafast  processes  in 
semiconductors  and  related  quantum  well  structures.  Current  emphasis  is  on 
applying  the  high  repetition  rate  all-solid-state  femtosecond  sources  in  the 

important  3  to  5  pm  range  and  the  blue-green  range  first  developed  in  our 
laboratory  to  the  study  of  the  relaxation  dynamics  of  non-equlibrium  carriers 
in  elemental  and  compoimd  semiconductors  and  quantum  well  structures. 
Materials  xmder  study  are  HgCdTe  and  InGaAs. 

DISCUSSION  OF  STATE-OF-THE-ART 


Time  resolved  spectroscopy  has  been  an  important  technique  for  the  study  of 
ultrafast  processes  in  atoms,  molecules,  and  semiconductors.  With  the 
development  of  broadly  tunable  sources  such  as  the  mode  locked  Ti:sapphire 
(Ti:Al203)  laser,  and  the  high  repetition  rate,  femtosecond  optical  parametric 
oscillator  (fe-OPO),  there  are  now  a  wide  range  of  ultrafast  phenomena  that 
can  be  studied.  One  major  advantage  of  the  fe-OPO  is  its  broad  tunability, 
systems  based  on  KTi0P04  (KTP),  and  its  isomorphs  have  successfully 
generated  femtosecond  pulses  spanning  the  near-infrared  spectral  range. 

There  is  considerable  interest  in  the  3-5  pm  region  for  the  study  of  molecular 
processes  such  as  vibrational  relaxation,  and  for  various  semiconductor 
phenomena  such  as  band-to-impurity  transitions,  intraband  free-carrier 
absorption,  intra  valence  band  transitions,  inter  suband  transitions  in 
quantum  wells  and  coherent  phonon  effects.  Until  recently,  short  pulse 
generation  in  this  region  has  required  the  used  of  difference-frequency 
mixing  (DFM)  or  a  jffee-electron  laser.  While  such  schemes  offer  timability  in 

the  3-5  pm  range  and  beyond,  they  require  complicated  experimental 
systems.  In  addition,  the  repetition  rate  is  often  limited  to  the  kHz  range  or 
less,  and  in  the  case  of  DFM,  the  available  output  powers  are  limited  to  a  few 
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|xW.  We  have  recently  developed  a  Ti:Al203  laser  pumped  fs-OPO  based  on 
the  nonlinear  material  potassium  niobate  (KNbOs).  We  have  demonstrated 

that  this  fs  OPO  can  operate  to  5.2  ^im  at  an  average  power  level  of  over  20 
mW  at  10^  Hz  repetition  rate.  This  represents  a  significant  improvement 
over  existing  systems,  in  terms  of  wavelength,  power,  and  repetition  rate. 
With  such  a  source,  it  is  now  possible  to  study  the  ultrafast  relaxation 
d5mamics  of  hot  carriers  in  such  important  infrared  materials  as  HgCdTe, 
InSb,  GaSb,  and  InGaAs  using  methods  that  have  previously  been  developed 
and  extensively  applied  to  such  materials  as  GaAlAs.  The  range  of  materials 
and  the  type  of  processes  that  could  be  studied  previously  was  limited  by  the 
available  femtosecond  sources  to  aroimd  630  nm  from  the  Rh6G  dye  laser, 

750  to  900  nm  from  the  Ti:sapphire  laser,  and  1.2  to  1.5  jim  from  the  color 
center  lasers.  The  limited  wavelength  range  of  such  sources  also  limits  the 
states  that  could  be  studied  in  each  material.  The  broad  timability  of  the  fs 
OPO  will  allow  well  separated  states  in  each  material  to  be  excited  and  probed 
simultaneously.  The  ability  to  probe  different  states  simultaneously  is 
particularly  important  in  order  to  identify  the  origins  of  different  relaxation 
processes. 

In  the  types  of  II-VI  and  ni-V  compoimd  semiconductors  of  interest,  it  is 
known  that  there  are  a  number  of  possible  scattering  processes  that  contribute 
to  the  energy  and  momentum  relaxation  of  highly  excited  carriers  including 
intravalley  and  intervalley  acoustic  and  optical  phonon  scattering,  electron- 
electron  and  electron-hole  scattering,  and  scattering  from  ionized  impurities. 
With  the  broad  hmability  and  well  synchronized  femtosecond  pulses  from 
the  pump  laser  and  the  OPO,  it  is  now  possible  to  monitor  not  only  the 
initially  excited  states,  as  was  generally  done  in  previous  studies,  but  also  a 
variety  of  final  states  simultaneously.  The  results  will  help  to  elucidate  the 
detailed  physics  involved. 

The  output  of  the  fs  OPO  could  also  be  efficiently  doubled  and  mixed  with  the 
pump  light  to  convert  the  broadly  timable  output  into  the  visible  region. 
This  will  allow  us  probe  a  broad  range  of  states  in  such  important  material 
InP.  In  particular,  it  can  cover  those  central  valley  states  that  are  above  and 
below  the  L-  and  X-valley  minima.  This  will  help  to  isolate  the  intervalley 
scattering  processes  and  determine  the  corresponding  deformation  potential 
in  such  a  material.  The  information  on  such  important  parameters  is  very 
limited  at  the  present  time. 

PROGRESS 


As  a  part  of  our  effort  to  extend  the  timable  femtosecond  measurement 

capability  into  the  important  3-5  |xm  range,  we  have  demonstrated  for  the 
first  time  the  operation  of  a  high  average  power,  high  repetition  rate 
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femtosecond  KNbOs  OPO  that  operates  with  a  continuous  tuning  range  from 

2.3  to  5.2  pm.  The  corresponding  idler  pulse  durations  were  determined  using 
cross-correlation  techniques  and  pulses  as  short  as  60  fs  were  measured  in  the 
infrared. 

We  have  also  demonstrated  efficient  doubling  and  up-conversion  of  the  KTP 
fs  OPO  down  to  the  520  nm  range  using  LilOs.  We  now  have  basically 

continuous  spectral  coverage  from  the  visible  to  5.2  pm  in  the  femtosceond 
time  domain. 

As  shorter  pulses  over  an  ever  wider  range  of  wavelengths  are  generated,  it  is 
equally  important  to  have  a  more  reliable  data  reduction  method  so  that  the 
correct  relaxation  time  constants  can  be  extracted.  The  problem  is  complicated 
by  the  fact  that  the  measured  time  dependence  is  often  the  result  of  several 
competing  relaxation  processes.  For  example  in  the  case  of  relaxation  of  hot 
carriers  in  semiconductors,  or  of  large  molecules,  there  can  be  a  large  number 
of  decay  components.  In  addition,  there  may  be  other  time  dependent 
experimental  artifacts  present  in  the  data.  When  the  number  of  components 
is  not  known,  or  if  the  number  is  large,  the  conventional  nonlinear  fitting 
procedure  is  not  reliable.  An  alternative  approach  uses  a  relatively  recent 
technique  based  on  linear  prediction.  Tliis  enables  the  problem  to  be 
formulated  in  such  a  way  that  a  linear  least-squares  procedure,  based  on 
singular  value  decomposition  (or  LPSVD  procedure)  can  be  used  to  analyze 
the  data  reliably.  A  study  was  carried  to  look  in  detail  at  how  the  LPSVD 
technique  can  be  applied  to  data  from  femtosecond  time-resolved  spectroscopy 
experiment.  This  technique  will  allow  us  to  isolated  different  relaxation  paths 
in  tile  materials  being  studied.  It  is  being  applied  to  the  experimental  data  and 
InP  and  HgCdTe  described  below. 

We  have  recently  obtained  a  sample  of  Hgo.55Cdo.45Te  transparent  to  about  2.8 

|xm  from  AF  Phillips  Lab.  Work  is  imder  way  to  make  a  preliminary  study  of 
this  material  using  the  fs  OPO  source  and  the  method  of  data  analysis  recently 
developed  in  our  laboratory.  We  will  measure  the  ultrafast  relaxation  time  of 
hot  electrons  excited  in  various  states  in  the  central  valley.  One  question  that 
had  also  not  been  addressed  in  earlier  similar  studies  on  GaAlAs  was  the  role 
of  plasmon  scattering  in  the  relaxation  of  hot  carriers.  By  varying  the 
concentration  of  the  excited  carriers,  we  should  be  able  to  identify  the 
contribution  of  this  particular  relaxation  mechanism  to  the  total  decay  rate.  If 
additional  samples  with  different  doping  species  and  doping  densities  can  be 
obtained,  we  should  also  be  able  to  determine  the  scattering  rates  due  to 
ionized  impurities.  By  varying  the  excited  states  across  various  satellite  valley 
minima,  we  should  be  able  to  isolate  in  addition  the  contributions  of  the 
intervalley  scattering  processes  and  determine  the  corresponding  deformation 
potential  parameters. 
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Using  the  hot  luminescence  up-conversion  technique  and  the  doubled  and 
upconverted  outputs  of  the  mode-locked  Ti:sapphire  laser  and  the  fs  OPO,  we 
are  also  collecting  data  on  the  hot  luminescence  from  InP  and  InGaAs.  W  e 
will  be  able  to  explore  in  particular  the  initial  states  in  the  central  valley  that 
have  energies  that  bracket  various  satellite  valley  minima  and  the  final  states 
throughout  the  central  valley.  Tracking  the  time  dependencies  of  the  carriers 
entering  and  leaving  these  should  provide  a  much  clearer  picture  of  the 
relaxation  dynamics  of  the  hot  carriers. 

SCIENTIFIC  IMPACT  OF  RESEARCH 

The  tunable  femtosecond  sources  and  measurement  techniques  developed 
should  be  of  great  use  to  others  in  the  scientific  commimity.  The  results 
obtained  on  the  d5mamics  of  nonequilibrium  carriers  in  compound 
semiconductors  and  structures  are  of  fundamental  importance  to  the 
understanding  of  the  physics  and  the  design  of  ultra-high  speed 
semiconductor  electronic  and  optical  devices. 
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OBTECnVE 

In  the  last  year  we  have  had  three  research  objectives:  1)  to  obtain  real  data 
on  high  speed  carrier  relaxation  processes  for  comparison  with  the  Monte- 
Carlo  simulations  produced  by  Prof.  Krusius  group,  2)  to  use  the  ultrashort 
pulses  generated  by  our  lasers  to  tfie  testing  of  an  all-optical  modulator  being 
developed  at  the  Air  Force  Rome  Labs,  and  3)  to  identify  the  chaotic  operation 
of  a  high  speed  laser,  with  the  aim  of  mapping  out  the  chaotic  regimes  and 
ultimately  to  control  the  chaotic  behavior. 

DISCUSSION  OF  STATE-OF-THE  ART 

Using  pulse-probe  techniques,  the  high  speed  d5mamics  of  electrons  in  GaAs 
and  InGaAs  have  been  rigorously  studied  over  Ae  past  decade.  Recent  work 
has  focussed  on  die  new  near  infrared  femtosecond  sources  that  are  now 
available.  Using  a  color  center  adaptive  pulse  mode-locked  (APM)  laser 
identical  to  what  we  have  in  our  lab,  Sucha  and  Chemla[l]  studied  time 
resolved  measurements  of  carrier  dynamics  in  bulk  and  quantum  wells 
InGaAs  using  differential  absorption  spectroscopy.  They  observe  carrier 
thermalization  time  at  200-300fs,  independent  of  sample  thickness  or  bulk 
versus  QWs.  They  foimd  that  the  efficiency  of  screening  relative  to  phase 
space  filling  is  larger  in  the  bulk  than  in  quantum  wells.  Tomita  and  Shah  [2] 
focused  on  hole  dynamics  in  n-doped  GaAs/AlGaAs  QW's  in  what  they 
believe  to  be  the  first  imambiguous  study  of  initial  hole  relaxation  in  GaAs 
QW's.  They  show  that  holes  are  non-thermal  for  approximately  800  fsec  after 
excitation  and  they  determine  hole-electron  energy  loss  rates,  which  they 
attributed  to  Coulomb  interaction. 

Davidson,  Compton,  and  Wise  [3]  studied  intraband  relaxation  of  minority 
electrons  in  heavily  carbon-doped  GaAs,  finding  a  strong  dependence  on 
doping  level.  Heavily  doped  p-type  GaAs  is  important  in  it's  use  in  the  base 
region  of  npn  heterojimction  bipolar  transistors.  They  attribute  the 
dependence  to  electron-hole  scattering,  with  electrons  relaxing  into  states 
created  by  band-gap  renormalization  and  band  tailing.  In  our  current  JSEP 
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work,  Cohen  [4]  measured  the  electron  relaxation  in  n-doped  InGaAs  as  a 
function  of  excitation  energy.  This  work  is  described  below. 

In  1990,  Edward  Ott,  Celso  Grebogi,  and  James  Yorke  (OGY)  [5]  at  the 
University  of  Maryland  demonstrated  that  chaotic  systems  can  be  controlled 
by  means  of  small  steering  perturbations.  The  OGY  algorithm  was  first 
implemented  experimentally  by  Ditto  [6]  at  the  Naval  Surface  Warfare  Center 
in  order  to  control  the  chaotic  behavior  in  a  magnetoelastic  ribbon  vibrating 
at  0.85Hz.  Due  to  the  long  oscillation  period,  there  was  ample  time  to 
calculate  by  computer  the  required  feedback  factor.  Experimentally,  it  is 
complicated  and  time  consuming  to  calculate  the  OGY-required  perturbations 
necessary  to  stabilize  the  unstable  periodic  orbits.  Hunt  at  Ohio  University  {7\ 
successfully  adapted  the  OGY  algorithm  for  a  53kHz  sine-wave-driven  diode 
resonator  using  a  technique  known  as  occasional  proportional  feedback  (OFF), 
By  rising  the  constant  amplification  factor  instead  of  the  factor  calculated  by 
OGY,  the  frequency  range  of  control  was  extended.  However,  advantages 
gained  by  this  simplification  are  offset  by  a  difficulty  in  predicting  which  orbit 
will  be  controlled. 

t 

Using  Hunt's  OFF  technique,  Roy  [8]  at  Georgia  Tech  controUed  chaos  in  a 
diode-laser-pumped  Nd:YAG  laser  which  contains  a  KTF  crystal  in  the  cavity 
as  a  second  harmonic  generator.  For  certain  rotational  orientations  of  the 
KTF  and  YAG  crystals  the  system  becomes  chaotic.  The  controlling  feedback 
was  obtained  by  sampling  the  laser's  output  intensity  at  tiie  relaxation 
oscillation  frequency  of  118kHz.  The  amplified  difference  between  this 
intensity  and  the  desired  intensity  was  then  used  to  modulate  the  control 
signal  to  the  diode  laser  piunp.  In  this  manner,  orbits  up  to  period  9  were 
stabilized  for  durations  of  several  minutes.  Bielawski  et  al.  at  die  University 
of  Lille  [9]  stabilized  the  unstable  periodic  orbits  in  a  Nd-doped  optical  fiber 
laser  that  was  operating  at  15kHz. 

The  above  work  in  controlling  chaos  has  been  applied  to  relatively  slow 
systems  in  which  analog  electronics  are  capable  of  evaluating  and 
implementing  any  required  perturbations.  An  avenue  for  controlling  fast 
dynamical  systems  has  been  theoretically  explored  by  Fyragas  [10]  at  the 
University  of  Tubingen.  He  showed  diat  low  period  UFOs  could  be  stabilized 
by  continuously  applying  feedback  obtained  by  subtracting  a  dynamical 
variable  of  the  system  from  the  same  output  signal,  but  time-delayed  by  the 
period  of  the  desired  UFO.  Experimental  demonstration  of  the  time-delayed 
feedback  algorithm  was  subsequently  performed  by  F)rragas  and 
Tamasevicius  [11]  to  stabilize  periods  1  through  4  in  a  4  MHz  driven 
nonlinear  oscillator  composed  of  a  timnel  diode,  inductor  and  capacitor. 
This  scheme  has  also  been  applied  by  Glorieux  et  al.  [12]  in  order  to  control 
unstable  periodic  orbits  in  a  carbon  dioxide  laser  that  typically  operates  at  the 
relaxation  oscillation  frequency  of  400  kHz. 
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PROGRESS 


Our  work  in  the  last  year  has  concentrated  on  completing  the  detailed 
measurement  of  carrier  relaxation  in  InO.53GaO.47As,  and  the  correlation  of 
these  measurements  with  an  inclusive  theoretical  model.  Using  an  additive 
pulse  modelocked  (APM)  NaCl  laser  operating  with  0.8  eV  pulses,  we  have 
probed  this  n-type  doped  semiconductor  near  the  Fermi  level,  and  thereby 
created  a  small  perturbation  to  the  majority  carrier  density.  Graduate  student 
David  Cohen  performed  all  of  this  experimental  work,  and  also  assembled  a 
theory  of  carrier  relaxation  including  carrier-carrier  scattering  and  carrier- 
phonon  interactions. 

Experimentally,  tunable  incident  pulses  excite  carriers  at  different  conduction 
band  excess  energies.  Figure  1  shows  the  temporal  relaxation  of  the  relative 
transmission  for  three  specific  cases.  Results  for  smaller  excess  energies 
correspond  to  wider  temporal  profiles,  indicating  the  presence  of  a  slow 
thermalization  process.  Experimental  data  was  analyzed  in  conjxmction  with 
members  of  Prof.  Peter  Krusius'  group,  who  used  Monte-Carlo  techniques  to 
explore  hte  details  of  the  microcopic’  carrier  physics.  From  their  analysis,  two 
exponential  processes  were  gleaned  from  the  data.  The  fast  process,  with  a 
time  constant  of  about  100  fis,  corresponds  to  rapid  thermalization  primarily 
by  intraband  Coulomb  carrier-carrier  interactions.  The  second  and  more 
interesting  process  has  a  time  constant  of  about  1  -  1.3  ps,  and  results  from  the 
equilibration  of  a  perturbed,  Fermi-Dirac  type  conduction  band  distribution. 
This  process  is  thought  to  correspond  to  a  fast  change  in  distribution 
temperature:  temperature  change  on  a  time  scale  which  has  yet  to  be 
thoroughly  studied.  The  presumed  reason  for  the  slower  relaxation  at  lower 
excess  energy  is  due  to  the  feet  that  the  hot'  electrons  do  not  have  sufficient 
energy  to  create  LO  phonons,  so  they  cannot  shed  their  energy  in  this 
channel.  They  must  rely  energy  transfer  to  acoustic  phonons  [13] 
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Figure  1.  Two-pulse  autocorrelation  data  from  a  n-friGaAs  sample, 
probed  at  three  different  photon  energies. 


In  this  work,  hole  scattering  events  were  neglected  due  to  the  large  density  of 
heavy-hole  states,  and  resulting  slow  time  constant  of  hole  processes.  Indeed, 
in  most  current  semiconductor  pump-probe  experiments,  hole  dynamics  are 
avoided.  For  this  reason,  little  has  been  revealed  concerning  excited  hole 
relaxation. 


In  addition  to  these  areas  of  study,  we  have  fostered  continuing  efforts  with 
two  Air  Force  Laboratories.  First,  we  have  been  collaborating  with  Mark  Krol 
et.  al  at  the  Rome  Laboratory  Photonics  Center,  Griffiss  Air  Force  Base.  This 
group  has  been  exploring  hole  tunneling  in  asymmetric  double  quantum 
well  (ADQW)  structures.  We  are  collaborating  using  the  modelocked 
CnForsterite  laser  as  a  pump/probe  source  for  the  DQW  setup.  Previously, 
the  Rome  Laboratory  group  used  a  TirSapphire  pulsed  pump  (100  fs  at  844 
nm)  which  generated  excess  carriers  in  both  the  narrow  and  wide  quantum 
wells,  and  a  CW  CnForsterite  probe  (tunable  from  1.22  to  1.29  pm),  which  was 
timed  to  the  narrow  well  heavy  hole  energy  at  the  Gamma  point  (Fig.  2, 
HHNl),  Excited  holes  in  the  narrow  well  decay  to  the  Gamma  point  of 
HHNl,  and  also  tuimel  to  the  wide  well  heavy  hole  band  (PlHWl.)  Krol  et.  al 
found  that  low  excited  carrier  densities  yield  a  fast,  single-exponential  decay, 
corresponding  to  hole  tunneling  from  the  narrow  to  the  wide  well.  Higher 
excited  carrier  densities,  on  the  other  hand,  reveal  a  slow  decay  component 
which  pertains  to  holes  deca5ting  to  the  Gamma  point  in  the  narrow  well. 
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This  component  is  seen  only  at  higher  carrier  densities  because  the  heavy 
hole  band  in  the  wide  well  saturates,  and  further  tunneling  from  the  narrow 
to  the  wide  well  is  reduced,  forcing  holes  to  slowly  decay  to  the  narrow  well 
Gamma  point. 


Figure  2.  Valence  band  dispersion  for  the  first  four  subbands  of  an 
asjmimetric  double  quantum  weU  structure 

To  supplement  this  research,  oiu:  CnForsterite  pump/probe  setup  can  excite 
and  detect  holes  near  the  Gamma  point  in  the  narrow  well.  This  excitation 
will  prevent  tunneling  to  the  wide  well,  due  to  the  lack  of  proximity  to  the 
mixed  narrow  and  wide  well  bands.  Thus,  we  ejqject  to  see  only  a  slow 
component  of  hole  relaxation,  pertaining  to  hole  decay  to  the  Gamma  point. 
We  had  expected  to  get  the  DQW  sample  in  early  January  from  Rich  Leavitt  at 
Adelphi,  but  he  had  several  problems  with  his  MBE  machine.  We  expect  to 
get  this  sample  shortly  in  May,  1996  and  will  proceed  thereafter  with  this 
measurement.  This  measurement  is  currently  being  conducted  by  Martin 
Jaspan,  (JSEP  supported)  in  collaboration  with  Rome  Labs. 

Additional  research  has  been  conducted  by  Eric  Mozdy  (Air  Force  Fellow)  in 
conjunction  with  USAF  Phillips  Laboratory,  Kirtland  AFB,  Albuquerque, 
NM.  This  work  concerns  controlling  chaos,  primarily  the  synchronization 
and  control  of  chaotic  oscillators.  Mozdy  spent  the  summer  of  1994  in 
Albuquerque  constructing  chaotic  oscillator  arrays,  then  synchronizing  each 
oscillator  with  imidirectional  coupling,  and  finally  controlling  the  entire 
array  with  occasional  proportional  feedback  (OPF)  [14].  The  task  of  controlling 
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arrays  of  oscillators  is  entirely  new,  with  applications  in  diode  laser  array 
stability,  integrated  circuit  stability,  and  other  varied  array  control 
applications.  As  David  Cohen  finished  his  dissertation  at  Cornell,  Eric  Mozdy 
assumed  responsibility  and  stewardship  of  the  modelocked  NaCl  APM  laser. 


Mozdy  is  also  using  the  APM  laser  to  observe  chaotic  behavior,  in  support  of 
the  work  he  did  with  Phillips  Labs.  Our  experiments  with  chaos  involve  a 
NaCl  color  center  additive-pulse  mode  locked  (APM),  shown  below  in  Fig.  3. 
The  main  cavity  embodies  the  "standard"  linear  configuration  of  a  laser.  This 
cavity  is  sync-pumped  by  a  mode-locked  Nd:YAG  laser.  The  control  cavity 
essentially  consists  of  a  17  cm  piece  of  single-mode,  dispersion-shifted  (D  =  0 
at  1.55  micrometer)  optical  fiber,  and  a  retroreflector.  This  cavity  is  identical 
in  length  to  the  main  cavity  (whose  length  is  identical  to  the  Nd:YAG  pump 
cavity). 


Pump  ^ 

A 


3  mm  NaO  Crystal  30%  Output  Coupler  ^ 

■  ^  ^  ■  -^p - i  "  j-%" 
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Retro  reflector 


Fig.  3.  Additive  Pulse  Modelocked  Laser.  The  color  center  laser  is  coupled  to  a 
second  cavity  which  contains  a  nonlinear  optical  fiber.  The  combination  leads  to 
ultrashort  pulse  generation. 


The  control  cavity  acts  as  a  nonlinear  output-coupler,  because  of  self-phase 
modulation  (SPM)  within  the  fiber.  This  SPM  phase-chirps  pulses,  which 
then  recombine  with  those  of  the  main  cavity,  causing  destructive 
interference  at  the  pulse  wings,  and  constructive  interference  at  the  pulse 
peaks.  Through  this  mechanism,  the  output  coupler  acts  as  a  pulse¬ 
compressing  nonlinear  reflector.  Empirically,  the  length  of  the  fiber,  the  fiber 
coupling  efficiency,  the  output  coupler  value,  and  the  beamsplitter  value  all 
contribute  in  determining  the  final,  steady  state  pulse  widdi.  With  die  values 
listed,  we  are  producing  about  150  fs  pulses. 
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The  fiber  nonlinearity  which  sustains  mode-locking  is  also  the  fimdamental 
driving  force  behind  chaos.  Work  in  Chemla’s  group  at  Lawrence  Berkeley 
Laboratory  has  demonstrated  theoretically  and  experimentally  that  chaos 
should  be  significant  in  the  APM  laser.  Moreover,  their  analysis  predicts  an 
entire  period-doubling  route  to  chaos,  simply  by  increasing  the  amoimt  of 
power  in  the  fiber  and  hence,  the  amoimt  of  nonlinearity  in  the  system.  W  e 
have  begun  to  experimentally  explore  the  APM  pulse-train  bifurcations, 
which  are  indeed  dependent  upon  fiber  power.  Already,  we  have 
demonstrated  period  one  and  two  behavior,  as  well  as  quasiperiodicity.  The 
periodic  time  series  are  shown  in  Figure  4  below. 


Fig.4.  Data  taken  from  an  APM  laser  operating  in  period-1  and  period-2 
oscillations. 


Currently,  we  are  constructing  a  complete  bifurcation  diagram  of  the  laser's 
period  doubling  behavior,  and  interacting  wifii  the  Nonlinear  Optics  Group 
at  the  USAF  Phillips  Lab  to  fully  characterize  the  chaotic  behavior.  Mozdy 
and  Pollock  travelled  to  Phillips  Labs  in  Albuquerque  in  late  March,  1996  to 
confer  with  Dr.  V.  Kovanis  and  Dr.  A.  Gavrielides.  Time  series  data  from  our 
laser  was  transfered  for  analysis  by  the  Phillips  Lab  team  to  characterize  the 
degree  of  chaos-like  behavior  from  the  laser.  We  are  in  close  contact  with  this 
group  for  theoretical  direction  of  our  experiments. 
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SCIENTIFIC  IMPACT  OF  RESEARrH 


Our  measurements  have  served  as  the  primary  source  for  femtosecond 
carrier  relaxation  data  in  the  self-consistent  ensemble  Monte  Carlo  based 
study  of  the  earner  dynamics  performed  by  the  research  group  of  Prof. 
Krusius.  Only  by  comparison  to  solid  measured  data  can  the  models  and 
methods  be  established  as  being  soimd.  We  hope  to  gain  insight  into  the  hole 
dynamics  of  various  structures.  The  ultimate  goal  of  this  work  is  to  create 
optical  devices,  especially  detectors,  which  operate  at  much  faster  speeds.  The 
measurement  of  the  impact  of  carrier  and  impurity  scattering  is  essential  to 
the  development  of  better  models  and  for  better  simulations. 
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OPTICAL  PROCESSES  AND  CARRIER  DYNAMICS 
IN  ULTRAFAST  COMPOUND  SEMICONDUCTOR 
PHOTONIC  DEVICES 
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Office:  (607)255-3401 
Ub:  (607)  255-5034 

Fax:  (607)  254-4777 

e-mail:  krusius@ee.comelLedu 


OBTECnVE 

The  objective  of  this  task  is  to  explore  the  physics  and  operation  of  ultra-high 
speed  compound  semiconductor  based  photonic  structures  and  devices.  The 
focus  is  on  the  interaction  of  optical  processes  and  ultrafast  carrier  dynamics 
in  both  optical  detector  and  source  structures.  The  study  is  conducted 
theoretically  via  fundamental  physics  formulations  and  first  principles  device 
simulations  in  a  close  interaction  with  materials,  optical  measurement,  and 
device  fabrication  tasks  of  this  program.  The  goal  in  this  task  is  to  create 
imderstanding  of  the  physics,  design,  measurements,  and  the  ultimate  limits 
of  high  speed  photonic  devices. 

DISCUSSION  OF  STATE  OF  THE  ART 

Optoelectronic  devices  have  been  investigated  for  the  past  few  decades.  They 
are  used  in  many  applications  including  long  distance  communication  and 
local  area  networks.  The  operation  of  such  photonic  systems  places  stringent 
requirements  on  the  optoelectronic  devices,  including  optical  sources  and 
amplifiers  (light  emitting  diodes,  semiconductor  lasers)  and  photodetectors. 
Sources  and  amplifiers  should  have  a  high  signal  to  noise  ratio  and  a  large 
modulation  bandwidth  for  high  speed  applications.  A  high  quantum 
efficiency  is  required  to  obtain  sufficient  light  intensity,  while  electrical  power 
requirements,  and  thermal  stresses  are  kept  low.  Detectors  should  have  both  a 
high  quantum  efficiency  and  low  noise  to  ensure  that  the  minimum 
detectable  power  is  sufficiently  small  for  low  level  signals.  For  high  speed 
commtmication  a  fast  detector  response  time  is  necessary.  Often  devices 
should  be  small  in  size  as  well.  This  is  important,  for  example,  for 
optoelectronic  devices  which  must  have  structures  suitable  for  coupling  into 
the  transmission  media,  i.e.  single  or  arrays  optical  fibers  and  waveguides. 
Analog  applications  require  in  addition  that  sources,  amplifiers  and  detectors 
be  sufficiently  linear. 
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High  quantum  efficiency  and  low  power  dissipation  in  semiconductor  lasers 
and  light  emitting  diodes  is  determined  by  the  confinement  of  carriers  within 
the  active  region.  Escaping  carriers  do  not  contribute  to  laser  gain  or  the  light 
generated  by  an  LED.  Confinement  along  the  direction  perpendicular  to  the 
optically  active  region  can  be  realized  by  a  number  of  schemes  including 
homojunctions,  heterojunctions  and  single,  or  multiple,  quantum  wells. 
Recently,  quantum  wire  type  two-dimensional  confinement  has  been 
considered.  Lateral  current  confinement  has  also  been  attempted  through 
several  techniques  and  is  generally  more  difficult  to  achieve.  Both  LED's  and 
semiconductor  lasers  suffer  from  quantum  noise  resulting  from  the  statistical 
nature  of  carrier  recombination.  Lasers  also  exhibit  modal  noise,  such  as 
mode-partition  noise  in  multimode  lasers  or  jumping  between  modes  in  a 
single  mode  lasers.  The  modal  noise  can  be  reduced  by  limiting  the  lateral 
and  transverse  modes  by  optical  confinement  and  by  using  wavelength 
dependent  mirrors,  such  as  Bragg  reflectors  to  limit  operation  to  a  single 
longitudinal  mode.  The  modulation  bandwidth  of  an  LED  is  determined 
primarily  by  the  carrier  recombination  time  in  the  active  region,  because  their 
structure  does  not  provide  any  transport  mechanisms  to  sweep  the  carriers 
out  of  the  active  region.  Thus,  high  speed  modulation  can  only  be  achieved  at 
the  expense  of  high  power  operation.  The  modulation  bandwidth  in 
semiconductor  lasers  is  ultimately  limited  by  the  relaxation  oscillations  of  the 
laser  field.  This  limits  present  laser  modulation  bandwidths  to  about  30  GHz, 
a  rather  low  frequency  compared  to  transistors. 

In  order  to  achieve  the  high  quantum  efficiency  necessary  to  detect  low  level 
signals,  current  detectors  require  thick  absorption  regions.  If  not  limited  by 
extrinsic  parasitic  capacitances,  the  response  time  of  a  photodetector  is 
ultimately  determined  by  how  rapidly  the  photogenerated  electron-hole  pairs 
can  be  separated  and  removed  from  the  absorption  region,  either  via 
transport  or  recombination  processes.  Thus  in  photodetectors,  such  as  the  PIN 
photodiodes,  which  employ  a  high  electric  field  in  the  depletion  region  to 
separate  carriers,  there  is  a  trade-off  between  sensitivity  and  speed.  The 
fundamental  causes  of  noise  in  photodetectors  are  shot  noise  due  to  the 
statistical  nature  of  the  absorption  processes  and  the  device  dark  current. 
Device  responsivity  can  be  increased  through  amplification  processes,  as  in 
the  avalanche  photodiode,  but  only  at  the  expense  of  increased  noise. 

State  of  the  art  optoelectronic  sources  and  amplifiers  incorporate  a  number  of 
sophisticated  structures  including  heterojunctions,  quantum  wells,  and 
possibly  quantum  wires  and  dots  in  the  near  future,  to  provide  simultaneous 
electrical  and  optical  confinement.  The  physics  of  carrier  transport  in  such 
structures  is  quite  complex,  and  especially  in  the  quantum  structures,  not 
fully  understood.  Further,  the  details  of  the  inhomogeneous  carrier 
distribution  fimctions  are  important  factors  in  laser  performance.  Hole 
burning  in  the  carrier  distribution  functions  and  carrier  heating  have  been 
shown  to  contribute  nonlinear  terms  to  the  laser  gain  [1-2],  while  spatial  hole 


41 


btiming  can  contribute  to  laser  instability  [3].  The  index  of  refraction,  and  the 
fundamental  band  gap  are  functions  of  ^e  distribution  of  carriers  both  inside 
and  outside  the  active  region.  This  affects  both  the  gain  and  the  width  of  the 
laser  line  [4-6].  It  has  been  foimd  via  the  simulation  of  electronic  devices  that 
incorporate  complex  structures,  such  as  heterojunctions  and  quantum  wells, 
that  such  structures  lead  to  the  formation  of  space  charge  layers  and  large 
electric  fields  that  have  serious  consequences  for  both  the  static  and  dynamic 
operation  of  the  device  [7].  These  effects  will  also  significantly  influence  all 
device  characteristics  from  microscopic  carrier  distribution  functions  to 
macroscopic  device  parameters.  Thus  detailed  information  on  the  operation 
of  photonic  devices,  should  be  derived  from  detailed  first  principles 
theoretical  modeling  combined  with  ultrafast  optical  measurements. 

Many  studies  have  been  devoted  to  developing  models  for  use  in  design  and 
optimization  of  photonic  semioconductor  sources  and  detectors.  However,  in 
these  studies  the  emphasis  has  been  on  the  optical  physics,  while  the 
complexities  of  carrier  transport  and  device  physics  have  been  de-emphasized 
or  even  neglected.  A  variety  of  models  of  the  behavior  of  semiconductor 
lasers  can  be  found  in  the  literature.  These  include  models  based  on 
transmission  lines  [8-9],  the  circuit  approach  [10],  coupled-wave  theory  [11], 
density  matrix  formulation  [2,12]  and  rate  equations  [13-15].  In  some  of  these 
models  the  optical  aspects  are  quite  sophisticated,  but  the  rest  of  the  device 
physics  is  highly  simplified.  In  each  of  these  cases  the  physics  of  the  gain 
media  is  modeled  by  simple  rate  equations.  Sometimes  the  active  medium  of 
the  laser  has  been  divided  into  a  number  of  independent  segments  along  the 
optical  cavity.  Each  of  these  is  then  governed  by  an  independent  set  of  rate 
equations  interacting  only  through  the  optical  field.  Therefore  the  details  of 
the  carrier  transport,  space  charges,  and  distribution  fimction  effects  are 
almost  completely  neglected.  The  most  sophisticated  models  in  the  literature 
treat  carrier  transport  within  the  drift-diffusion  formalism  in  one  or  two 
dimensions  [16].  However,  drift-diffusion  formulations  are  severely  limited 
in  their  ability  to  accormt  for  the  complex  physics  of  non-equilibrium  carrier 
transport,  spatial  inhomogeneities,  quantum  wells,  the  nonthermal  carrier 
distributions  resulting  from  hole  burning,  and  other  interactions  between  the 
carriers  and  optical  field. 

The  modeling  of  optoelectronic  detectors  is  somewhat  better  developed.  Due 
to  file  simplicity  of  optical  phenomena  in  these  devices,  considerably  more 
care  is  often  taken  in  the  treatment  of  the  device  physics.  Sophisticated 
transport  techniques  such  as  Monte  Carlo  simulation  are  even  applied  to 
such  devices  as  metal-semiconductor-metal  (MSM)  photodetectors  [17-19]. 
However  in  these  cases,  the  simulations  are  usually  simple  applications  of 
classical  transport,  often  m  simplified  form,  and  do  not  include  all  the 
physical  processes  necessary  to  model  these  devices  over  a  broad  range  of 
conditions.  These  cases  include  conditions  of  high  optical  excitation  and 
carrier  density,  where  carrier-carrier  scattering,  free  carrier  screening  and  band 
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renormalization  are  likely  to  play  important  roles.  These  phenomena  have 
been  shown  to  be  significant  primary  effects  in  thin  film  structures  probed  by 
the  femtosecond  dual  pulse  correlation  technique  (this  task).  Past 
formulations  do  not  accoimt  for  the  use  of  heterostructures  increasingly  seen 
in  detectors  fabricated  in  small  band  gap  materials  [20-21].  Also,  in  contrast  to 
laser  models  the  optical  physics  is  frequently  modeled  very  crudely,  often  just 
assuming  a  priori  the  functional  form  of  the  optical  excitation. 

The  ability  to  accurately  describe  all  significant  aspects  of  the  physics  of 
optoelectronic  devices  is  severely  limited  in  published  models.  In  order  to 
imderstand  the  principles  of  operation  and  design  of  the  highest  speed 
photonic  devices  it  will  necessary  to  simultaneously  examine  both  the  optical 
and  electronic  aspects  of  these  devices  using  sophisticated  models  and 
simulations  that  account  for  all  of  the  complex  physical  processes  on  a  level 
comparable  to  that  used  in  our  femtosecond  dual  pulse  correlation 
formulation.  Such  a  first  principles  approach  will  also  provide  information 
on  the  fundamental  limits  and  the  ultimate  achievable  speeds.  Finally, 
practical  device  design  trade-offs  for  this  class  of  photonic  devices  will  then  be 
well  imderstood. 


PROGRESS 


Our  research  on  the  microscopic  physics  of  femtosecond  tunable  dual  pulse 
correlation  probing  of  narrow  band  gap  semiconductors  has  been  taken  to  a 
virtual  end.  Careful  correlations  between  the  theory  done  in  this  task  and 
experiments  performed  in  Pollock's  group  mandated  the  inclusion  of  many 
physical  processes  that  are  outside  the  traditional  Monte  Carlo  method.  These 
include  Coulomb  enhancement,  band  renormalization,  and  free  carrier 
screening,  all  of  which  arise  from  the  breakdown  of  the  semi-classical  and 
single  particle  approximations.  These  two  approximations  forms  the 
foxmdation  for  the  traditional  approach  to  describing  tibe  dynamics  of  carriers 
in  semiconductors.  Once  these  processes  were  included,  the  resulting  Monte 
Carlo  formulation  was  applied  to  the  study  of  optically  generated  carrier 
relaxation  on  the  time  scale  from  100  fs  to  about  2  ps  in  the  near  band  gap 
regime  that  was  accessible  to  the  available  tunable  femtosecond  laser  probe. 
The  100  fs  lower  bormd  is  determined  by  the  coherent  artifact,  a  characteritic 
of  the  dual  pulse  correlation  technique.  The  simulations  reproduced  and 
explained  the  measured  data  on  a  quantitative  level  without  any  adjustable 
parameters,  a  truly  remarkable  achievement.  Essentially  all  features  in  the 
data  measured  for  intrinsic  samples  were  explained.  The  observed  relaxation 
can  be  described  by  the  thermalization  of  the  electron  distribution.  Band 
renormalization  and  Coulomb  enhancement  were  foimd  to  set  the  initial 
conditions  for  the  thermalization  and  determine  the  relationship  between 
the  transmission  of  the  optical  probe  pulse  and  the  evolution  of  the  carrier 
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distribution  functions.  The  thermalization  was  found  to  be  rather  insensitive 
to  most  carrier  scattering  processes. 

The  application  of  this  methodology  to  heavily  doped  n-type  samples  was  not 
as  successful,  although  a  qualitative  understanding  was  reached.  Beyond  the 
coherent  artifact,  a  characteristic  of  all  dual  pulse  correlation  measurements, 
or  beyond  about  300  fs  for  doped  samples,  the  observations  could  be  explained 
with  the  thermalization  of  the  perturbed  electron  distribution  with  the 
lattice,  as  was  done  for  unpoded  samples.  However,  the  mitial  carrier-carrier 
mediated  relaxation  occurred  much  faster  and  the  polar  optical  phonon 
mediated  relation  much  slower  than  in  imdoped  samples.  The  background 
electron  plasma  thus  enhanced  electron-electron  scattering,  while  blocking 
phonon  scattering.  Inside  the  coherent  artifact  the  initial  excited  carrier 
distribution  is  likely  to  be  changed  in  a  way  not  accoimted  for  by  our 
methodology.  This  observation  may  be  an  expression  of  the  fact  that  our 
methodology  is  reaching  its  fundamental  limitations  imder  these  extreme 
non-equilibrium  conditions. 

This  fundamental  physics  based  methodology  has  now  been  fully  extended  to 
the  study  of  optical  detectors.  New  physical  processes  that  were  added  include 
the  provision  for  inhomogeneous  doping  and  improvements  in  the 
treatment  of  very  short  length  scale  variations  in  the  carrier  density,  the 
extension  of  the  previous  treatment  of  the  interaction  with  the  optical  field  to 
include  spontaneous  emission  (radiative  recombination),  the  description  of 
metal-semiconductor  contacts  using  first  principle  carrier  dynamics,  and  the 
extension  of  the  model  band  structure  to  describe  the  conduction  band  L 
valley  minima.  A  complete  optoelectronic  device  simulator  package  OPTMC 
has  been  written,  debugged,  tested  and  verified.  OPTMC  describes  the  optical 
field,  the  interaction  between  photons  and  electrons  and  holes,  and  dual 
carrier  relaxtion  and  transport  processes.  Spatial  variables  for  photons, 
electrons  and  holes  are  described  in  one  dimensions  and  momentum  space 
variables  in  three  dimensions. 

An  extensive  study  of  the  response  of  metal-semiconductor-metal  (MSM) 
photodiodes  has  been  conducted  using  OPTMC.  It  was  foxmd  that  the 
intrinsic  impulse  response  of  the  photodetector  has  three  components  (Fig.  1). 
First,  the  device  current  shows  an  initial  fast  response  on  the  order  of  few 
picoseconds  depending  on  device  design  that  is  due  to  velocity  overshoot  of 

photogenerated  electrons  in  the  F  valley.  The  slow  secondary  response  is 
determined  by  electrons  being  swept  out  of  the  device  at  lower  steady  state 
drift  velocities.  The  final  third  response  comes  from  the  slow  hole  drift 
processes  occurring  at  the  much  lower  steady  state  hole  drift  velocities. 
However,  each  of  these  components  is  a  complex  function  of  the  local  electric 
fields  and  the  device  structure,  and  therefore  the  overall  device  response  is 
quite  complex.  The  effect  of  the  exciting  photon  energy  on  the  two  electron 
responses  is  another  significant  factor.  Excitations  high  above  the  band  edge 
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allowed  a  lot  of  electron  transfer  into  the  L  valley  and  hence  had  a  large 
detrimental  effect  on  the  transient  overshoot  amplitude  and  electron  transit 
time.  Screening  of  the  electric  field  by  the  excited  carriers  was  observed  at  high 
excitation  levels.  Under  some  conditions  we  observed  plasma  oscillations, 
however  these  would  have  little  consequence  for  normal  photodetector 
operation.  The  slow  hole  response  can  be  improved  by  special  device  designs 
but  only  at  the  expense  of  the  electron  response.  These  issues  are  being 
explored  further  in  an  interaction  with  Compton's  group. 
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Fig.  1  Impulse  response  of  GaAs  MSM  photodiode  in  terms  of  its  normalized 
photocurrent  as  a  function  of  time.  The  length  of  tire  device  is  0.5  fim  and  the 
applied  field  20  kV/cm.  The  width  of  the  optical  pulse  is  100  fs  (FWHM). 
Simulations  were  performed  with  about  50,  000  electrons  and  a  time  step  of 
about  10  fs. 

We  have  also  examined  the  photodetector  response  xmder  conditions  where 
a  pulse  train  with  equidistant  spacing  excites  the  photodiode.  If  the  spacing 
between  the  pulses  is  shorter  than  the  device  response  time,  there  will  be  a 
residual  carrier  population,  when  the  next  pulse  enters  the  device.  Because  of 
the  impact  on  screening  associated  with  this  residual  background,  nonlinear 
phenomena  may  occur  that  are  not  present  in  the  impulse  response.  One 
such  example  is  the  observation  of  optically  pumped  current  oscillations  (Fig. 
2),  which  occurred  with  a  pulse  spacing  of  1  ps  or  a  frequency  of  1  THz!  The 
amplitude  of  these  oscillations  was  as  large  as  the  impulse  response,  i.e.  100%. 
This  is  the  first  time  such  oscillations  have  been  observed. 
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Fig.  2  Response  of  optically  pumped  MSM  oscillator  in  terms  of  its 
normalized  photocurrent  as  a  function  of  time.  The  length  of  the  device  is  0.5 
(im  and  the  applied  field  10  kV/cm.  The  width  of  the  optical  pulse  is  100  fs 
(FWHM)  and  their  spacing  is  1  ps.  Each  optical  pulse  generates  about  lxl0‘® 
cm®  electron-hole  pair.  The  impulse  response  for  a  single  pulse  is  shown  as 
well. 


SCIENTIFIC  IMPACT 

The  self-consistent  emsemble  Monte  Carlo  methodology  developed  in  this 
work  has  virtually  been  taken  to  the  end  in  the  analysis  of  current 
femtosecond  dual  pulse  correlation  measurement  technique  performed  by 
Pollock's  group  on  near  band  gap  carrier  relaxation.  Agrrement  between 
theory  and  experiment  has  been  remarkable.  This  methodology  has  been 
extended  to  optoelectronic  devices  and  shown  to  provide  a  truly 
fundamental  foimdation  for  investigating  their  microscopic  physics.  At  the 
current  level  it  facilitates  the  investigation  of  the  behavior  of  semiconductor 
photodetectors  on  a  more  fundamental  level  than  has  ever  been  attempted. 
The  results  have  not  only  improved  the  understanding  of  known 
phenomena  in  complex  device  environments,  but  also  provide  an 
opportimity  to  study  new  phenomena  and  concepts  that  have  not  been 
reported  due  to  the  inadequacy  of  previous  device  physics.  The  timescale  of 
basic  processes,  such  as  carrier-carrier  and  photon-carrier  interactions,  has 
now  been  bridged  all  the  way  to  the  complete  switching  response  of  the 
device.  The  fundamental  microscopic  limits  of  the  switching  of  metal- 
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semiconductor-metal  photodetectors  have  already  been  quantified.  Based  on 
this  new  photodetectors  designs  have  been  considered  with  Compton's  group. 
We  will  proceed  in  further  collaborations  with  Y.H.  Lo's  group  towards  the 
study  of  the  fundamental  physics  of  optical  sources. 
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QBTECnVE 

The  objectives  of  this  task  are  (1)  to  explore  innovative  device  and  material 
structures  for  ultra  fast  long  wavelength  (1.3/1.55  micron)  semiconductor 
lasers  and  (2)  to  demonstrate  the  unique  advantages  of  strain-compensated 
quantum  wells  in  long  wavelength  vertical  surface  emitting  lasers  (VCSELs). 
This  task  is  closely  linked  to  Task  1  (Shealy)  which  provides  strain 
compensated  superlattice  and  quantum  wells  for  our  device  study.  Our 
research  will  also  benefit  significantly  from  the  fundamental  physics  studies 
on  carrier  relaxation  and  transport  performed  in  Task  3  (Pollock)  and  Task  4 
(Krusius). 

DISCUSSION  OF  STATE-OF-THE-ART 

From  a  practical  point  of  view,  all  lightwave  systems  prefer  to  use  optical 
sources  with  a  surface  emitting,  circular  beam  profile,  as  opposed  to  devices 
with  an  edge  emitting,  elliptical  beam  profile.  Vertical  cavity  surface  emitting 
laser  (VCSEL)  is  an  ideal  choice  becarise  it  has  these  desired  beam  properties. 
In  addition,  VCSEL  possesses  many  unique  attractive  characteristics  vital  to 
high-speed  data  transmission.  For  example,  it  operates  at  a  single  wavelength 
with  a  side  mode  suppression  ratio  of  greater  than  30  dB,  comparable  to  the 
value  of  costly  DFB  and  DFB  lasers.  Single  mode  operation  is  important  for 
high-speed  communication  since  it  reduces  signal  dispersion  and  mode 
partition  noise  by  orders  of  magnitude.  VCSELs  can  also  be  easily  integrated 
into  arrays  with  minimum  extra  fabrication  and  packaging  efforts  [1,2].  For 
advanced  wavelength  division  multiplexing  (WDM)  systems,  VCSEL  is  the 
most  promising  cost-effective  approach  for  WDM  laser  arrays  [3]. 

The  first  technology  breakthrough  on  VCSELs  occurred  about  seven  years  ago 
when  Jewell  et  al,  then  at  AT&T  Bell  Labs.,  reported  die  first  low  threshold 
current  GaAs  VCSEL  at  980  nm  wavelength  using  GaAs/AlAs  Bragg  mirrors 
and  InGaAs/GaAs  strained  quantum  wells  [1].  Shortly  after  this 
breakthrough,  world-wide  research  activities  have  been  stimulated  and 
progress  has  been  made  in  an  ever  faster  speed  [2-5].  A  few  months  ago, 
threshold  current  for  GaAs  VCSELs  has  been  reduced  from  more  than  1mA 
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to  arotmd  100  [5-7],  with  an  astonishing  record  of  9  |xA  threshold  reported 

by  a  research  group  from  USC  [8].  Using  the  similar  design  of  830nm  and  980 
nm  VCSELs,  VCSELs  operating  in  the  visible  regime  aroimd  670  nm  [9,10] 
have  also  been  demonstrated  with  impressive  performance.  This  progress  is 
significant  for  low  cost  optical  communication  since  670  nm  light  has  low  loss 
in  plastic  fiber.  In  the  meanwhile,  GaAs  VCSELs  have  been  moved  quickly 
from  research  laboratories  to  market  place,  and  many  companies  including 
Motorola  and  Hewlett  Packard  have  annoimced  or  scheduled  their  products. 
In  contrast  with  the  rapid  advances  of  GaAs-based  VCSELs,  relatively  slow 
progress  has  been  made  on  InP-based  1.3  and  1.55  micron  wavelength  VCSELs 
in  spite  of  their  undoubted  significance  for  optical  communication.  The 
disparity  of  the  progress  between  GaAs  and  InP  VCSELs  is  attributed  to  many 
reasons,  of  which  some  are  inherent  and  others  are  more  material  and 
technology  related.  Those  inherent  reasons,  including  Auger  recombination, 
intervalence  band  absorption,  and  diffraction  loss,  are  associated  with  the 
longer  wavelength  or  lower  photon  energy.  Those  material  and  technology 
related  reasons  include  low  reflectivity  of  InP/InGaAsP  Bragg  mirrors,  high 
series  resistance,  and  low  thermal  conductance  of  InGaAsP  epilayers  and  InP 
substrate.  As  a  result,  all  the  1.3  and  1.55  micron  VCSELs  except  few  still 
operate  in  a  pulsed  condition  at  room  temperature,  and  their  pulsed 
threshold  currents  are  orders  of  magnitude  higher  than  their  GaAs 
coimterpart. 

It  was  finally  realized  that  the  same  design  principle  that  has  resulted  in  great 
success  for  GaAs-based  VCSELs  can  not  be  directly  applied  to  long  wavelength 
VCSELs.  It  calls  for  innovative  designs  to  cope  with  die  xmique  set  of 
problems  for  long  wavelength  VCSELs.  Recently,  two  important  innovative 
technologies  were  proposed  and  demonstrated  by  our  group  at  Cornell  and 
almost  simultaneously,  a  research  group  from  UC  Santa  Barbara.  These  two 
inventions  are  the  use  of  strain-compensated  multiple  quantum  wells  (SC- 
MQWs)  and  bonded  (fused)  mirrors  [11-15].  After  applying  both  techniques  to 

long  wavelength  VCSELs,  the  pulsed  threshold  current  of  1.55  pm  VCSEL  has 
been  reduced  by  nearly  one  order  of  magnitude  to  aroimd  10  mA;  and 
subsequently,  die  UCSB/HP  research  group  demonstrated  the  world  first  1.55 

pm  room  temperature,  cw  operating  VCSEL  [15]. 

Because  of  the  drastic  performance  improvement,  we  have  the  opportunity, 
for  the  first  time,  to  study  the  dynamic  spectral  response  of  1.55  micron 
VCSELs  and  compare  the  data  with  those  achieved  from  conventional  DFB 
lasers  [16].  Our  current  JSEP  program  is  playing  a  key  role  for  this 
accomplishment  since  we  started  our  investigation  of  strain-compensated 
quantum  wells  in  this  program. 
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1.  1.5  fim  Vertical-Cavity  Surface-Emitting  Lasers  with  Strain-Compensated 
Multiple  Quantum  Wells  (SC-MQWs) 

We  investigated  a  promising  laser  structure,  strain-compensated  multiple- 
quantum-well  (SC-MQW)  vertical-cavity  laser  for  optical  communication. 
Strain  compensation  is  achieved  by  growing  quantum  wells  and  barriers  with 
opposite  strain  (e.g.  compressive  wells  and  tensile  barriers  or  vice  versa).  To 
balance  the  strain  over  a  large  number  of  quantmn  wells,  the  material  growth 
is  very  challenging.  Working  closely  with  Professor  Shealy  (Task  1)  and 
industrial  collaborators  (Bellcore,  ATT  Bell  Labs.,  and  Sandia  National  Labs.), 
we  obtained  strain-compensated  multiple  quantum  wells  using  OMCVD 
technique.  The  residue  strain  in  the  samples  is  within  0.1%,  measured  by  x- 
ray  diffraction. 


Fig.  1  Schematic  of  VCSEL  using  strain-  Fig.  2  SEM  photograph  of  a 

compensated  quantum  wells  and  GaAs/AlAs  1.5  gm  VCSEL  wiSi  dielectric/ 
bonded  back  mirror.  metal  composited  mirror 

bonded  to  a  Si  substrate. 
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In  addition  to  the  SC-MQW  structure,  we  also  developed  a  new  mirror 
forming  technology  using  wafer  bonding  technique.  This  new  technology 
allows  us  to  transfer  the  strain-compensated  quantum  wells  from  their  native 
InP  substrate  to  a  new  substrate.  Many  advantages  are  expected  out  of  this 
wafer  bonding  process:  First,  we  can  fabricate  long  wavelength  VCSELs  to 
substrates  such  as  Si  and  AIN  which  have  a  much  higher  thermal 
conductance  than  InP.  Second,  we  can  use  new  mirror  structures  that  are 
impossible  to  fabricate  directly  on  InP.  Figure  1  shows  the  schematic  of  a 
VCSEL  using  GaAs/AlAs  Bragg  mirror,  and  Figure  2  shows  the  SEM 
photograph  of  a  VCSEL  having  dielectric/metal  mirror  on  a  Si  substrate. 
Both  device  structures  have  threshold  currents  of  10  mA  to  16  mA  in  room 
temperature,  pulsed  condition  (Fig.  3).  This  was  among  the  lowest  threshold 
currents  for  1.55  micron  VCSELs  reported  to  date.  The  device  operates  at  a 
single  longitudinal  and  spatial  mode  up  to  three  times  of  the  threshold 
current,  demonstrating  its  potential  as  a  DFB  like  single  frequency  laser.  The 
bonding  process  seems  to  have  a  good  )deld  and  uniformity  (Fig.  4  ).  The 
remaining  problems  to  be  solved  in  order  to  achieve  cw  operation  (the  main 
objective  for  our  next  JSEP  program)  are  reducing  ohmic  heating  and 
improving  carrier  confinement. 


(a)  (b) 

Fig.  3  Pulsed  L-I  characteristics  (a)  and  optical  spectrum  (b)  of  a  VCSEL  operating  at 
room  temperature. 
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Fig.  4  Optical  microscope  photograph  of  an  array  of  1.55  |Jin  VCSELs  with  a  wafer 
bonded  GaAs/AlAs  Bragg  mirror. 

2.  Physics  for  Ultra-High-Speed  Semiconductor  Lasers 

Tremendous  efforts  have  been  taken  over  the  last  a  few  years  to  optimize  the 
high-speed  performance  of  qnautum  well  lasers.  Recently,  QW  lasers  with  a 
modulation  bandwidth  of  over  30  GHz  have  been  demonstrated.  However, 
many  military  and  commercial  applications  such  as  phase  array  antenna  and 
fiber  optic  RF  signal  transmission  requires  40  GHz  or  higher  bandwidth. 
Hence  it  is  important  to  find  out  the  major  limitations  on  the  modulation 
bandwidth  of  QW  lasers.  Our  investigation  foimd  that  spectral  hole  burning, 
carrier  heating,  and  carrier  transport  are  the  most  critical  bandwidth  limiting 
processes.  These  processes  can  be  further  characterized  by  a  number  of  time 
constants  including  carrier  dephasing  time,  carrier  energy  relaxation  time, 
and  carrier  diffusion-capture-escape  times. 

To  investigate  the  effects  of  spectral  hole  burning,  carrier  heating,  and  carrier 
transport  on  the  modulation  bandwidth  of  QW  lasers,  we  have  developed  a 
comprehensive  model  that  includes  the  following  features: 
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Figure  5.  Schematic  diagram  of  tiie  theoretical  frame  for  quantum  well  lasers. 


(1)  To  accurately  describe  the  interaction  between  carriers,  photons,  and 
phonons  in  the  QW  lasers,  we  derived  a  set  of  rate  equations  in  our 
theoretical  model  from  the  carrier  Boltzmann  equation.  Maxwell's  equation, 
and  phonon  Boltzmann  equation  and  thus  eliminate  any  errors  associated 
with  the  phenomenological  models  (Fig.  5). 

(2)  To  make  our  theoretical  model  more  realistic  and  accurate,  we 
calculated  the  carrier  dephasing  time,  carrier  energy  relaxation  time,  and 
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carrier  quantum  capture  and  escape  times  from  first  principles  instead  of 
assigning  arbitrary  time  constants  as  done  in  conventional  approaches. 

(3)  Since  these  three  physical  processes  mutually  influence  each  other, 
we  simultaneously  consider  their  effects  on  the  small-signal  modulation 
response  of  QW  lasers,  instead  of  separately  focusing  on  one  or  two  of  these 
physical  processes  as  the  conventional  approach  does. 

(4)  From  our  theoretical  model,  we  numerically  determine  the 
temperatures  of  electrons,  holes,  and  lattice  in  the  operating  condition  of  QW 
lasers.  We  also  can  simulate  the  population  distribution  of  longitudinal 
optical  (LO)  phonons  by  incorporating  the  hot  phonon  effect  in  QW  lasers 
(Fig.  6). 

(5)  To  investigate  the  effects  of  these  physical  processes  on  the  small- 
signal  modulation  response  of  the  QW  lasers,  we  perform  an  elaborate  small 
signal  analysis  on  our  rate  equations  and  obtain  an  exact  analytical  solution 
for  the  modulation  response  of  QW  lasers.  From  our  exact  small  signal 
analysis,  the  nonlinear  gain  coefficients  associated  with  the  effects  of  spectral 
hole  burning,  carrier  heating,  and  carrier  transport  are  thus  unambiguously 
defined.  Their  relations  with  the  modulation  bandwidth  of  QW  lasers  are 
rigorously  derived. 

Several  interesting  results  are  obtained  from  our  theoretical  model: 

(1)  Carrier  capture  and  escape  times  in  an  AC  condition  are 
significantly  different  from  those  obtained  in  a  DC  condition.  Our  results 
indicate  that  the  conventional  models  that  do  not  distinguish  the  differences 
between  the  DC  and  AC  capture  and  escape  times  may  underestimate  the 
influence  of  carrier  transport  on  the  modulation  bandwidth  of  QW  lasers. 

(2)  Our  first-principle  calculations  show  tihat  the  DC  escape  time 
predicted  by  the  classical  thermionic  emission  theory  is  no  longer  valid  if  the 
width  or  depth  of  the  QW  is  small.  Therefore,  in  that  case,  the  first  principle 
calculation  is  indispensable  for  estimating  the  carrier  escape  time  in  QW 
lasers. 

(3)  Contrary  to  conventional  belief,  our  small-signal  analysis  shows 
that  the  nonlinear  gain  coefficient  due  to  free  carrier  absorption  affects  only 
the  damping  rate  of  the  modulation  response  of  semiconductor  lasers  but  not 
the  resonant  frequency. 

(4)  Since  it  takes  about  3  ps  for  ID  phonons  to  decay  into  acoustic 
phonons  at  room  temperature,  this  will  cause  the  hot  phonon  effects  on  the 
carrier  energy  relaxation  processes.  Our  theoretical  calculations  indicate  that 
neglecting  tiiese  hot  phonon  effects  will  imderestimate  the  carrier  energy 
relaxation  time  by  almost  an  order  of  magnitude  and  thus  severely 
imderestimate  the  effects  of  carrier  heating  on  QW  lasers.  Therefore,  it  is 
very  crucial  to  take  into  accoimt  the  hot  phonon  effect  when  modeling  carrier 
heating  of  QW  lasers. 

(5)  As  the  carrier  temperature  increases  due  to  the  effects  of  carrier  and 
lattice  heating,  more  carriers  will  escape  from  the  QW  and  fewer  carriers  will 
be  captured  into  the  QW.  At  high  bias  current  levels,  this  mechanism  will 
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severely  degrade  the  resonant  frequency,  significantly  increase  the  nonlinear 
gain  coefficient  due  to  carrier  transport  (Fig.  7),  and  thus  ultimately  limit  the 
modulation  bandwidth  of  QW  lasers. 


Bias  Current  (mA) 


(a)  (b) 
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Fig.  6  (a)  Electron  temperature,  hole  temperature,  and  lattice  temperature  as  a  function 
of  die  bias  current  in  a  50A  Alo.3Gao.7As/GaAs  SCH  single  QW  laser.  The  width  of 
the  SCH  is  lOOOA.  The  lengtti  between  the  QW  and  tike  heat  sink  is  lOOjim.  (b) 
Population  distribution  of  LO  phonons  as  a  function  of  LO  phonon  wave  vector  at 
different  bias  currents,  (c)  Square  of  the  resonant  frequency  vs  the  bias  currait  above 
threshold,  (d)  Nonlinear  gain  coefficients  due  to  the  effects  of  carrier  diffusion-capture- 
escape,  spectral  hole  burning,  stimulated  recombination  heating,  and  free  carrier 
absorption  heating. 

From  our  theoretical  study,  we  thus  identify  the  enhancement  of  carrier 
escape  (overflow)  processes  due  to  the  effects  of  carrier  and  lattice  heating  is 
the  major  physical  mechanism  that  limits  Ihe  modulation  bandwidth  of  QW 
lasers;  therefore,  it  is  very  crucial  to  reduce  the  magnitude  of  carrier  or  lattice 
heating  if  we  want  to  improve  the  modulation  bandwidth  of  QW  lasers.  To 
reduce  lattice  heating,  we  can  flip-chip  bond  the  laser  diode  to  a  good  thermal 
conductor  such  as  diamond  or  AIN.  The  most  effective  approach  will  be 
using  the  epitaxial  bonding  technique  as  described  earlier  to  fabricate  lasers 
directly  on  the  heat  conducting  substrate.  This  will  shorten  the  path  of 
thermal  conduction  from  the  QW  to  the  heat  sink  by  more  than  an  order  of 
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magnitude.  Our  theoretical  results  also  indicate  that  using  p-doping  in  the 
active  region  of  QW  lasers  will  provide  an  additional  channel  for  electrons  to 
relax  their  energy  to  holes  by  electron-hole  scattering  and  may  reduce  the 
electron  temperature.  However,  the  possible  side  effect  of  increasing 
intervalence  band  aborption  due  to  p-doping  has  to  be  examined. 

We  have  focused  most  of  our  theoretical  effort  in  studying  the  small-signal 
amplitude  modulation  (AM)  response  of  QW  lasers  (i.e.,  in  the  frequency 
domain).  It  will  be  straightforward  to  use  our  theoretical  model  to  analyze 
other  modulation  schemes,  such  as  FM,  PM,  ASK,  FSK,  and  PSK  and  the 
large-signal  behaviors.  Issues  like  chirping  and  intermodulation  distortion 
can  thus  be  more  detailedly  characterized.  Moreover,  our  theoretical  model 
can  also  be  implemented  to  investigate  the  effects  of  spectral  hole  burning, 
carrier  heating,  and  carrier  transport  in  the  gain  switched  or  mode-locked 
quantum  well  lasers  (i.e.,  in  the  time  domain).  Incorporating  the  noise 
model  into  our  theoretical  frame,  we  hope  that  our  comprehensive 
theoretical  model  can  detailedly  predict  the  overall  dynamic  behavior  of 
semiconductor  QW  lasers. 

3.  Nonuniform  Pumping  for  Strain-Compensated  MQW  Lasers 

Beacsue  a  greater  than  usual  optical  gain  is  needed  to  compensate  for  the  loss, 
long  wavelength  VCSELs  normally  contain  a  larger  number  of  strain- 
compensated  quantum  wells.  However,  the  gain  a  structure  can  produce  at  a 
given  injected  current  could  be  much  lower  than  the  predicted  value  because 
of  carrier  transport  limit.  Carrier  transport  not  only  affects  the  dynamic 
response  of  a  laser  diode  as  discussed  in  the  previous  section,  it  also 
influences  its  static  characteristics  such  as  threshold  current.  This  is 
particularly  important  for  long  wavelength  VCSELs  because  high  gain  at  low 
current  injection  is  the  key  to  achieve  room  temperature,  cw  operation. 
Under  EXZ  condition,  the  most  prominent  effect  of  carrier  transport  is 
nonuniform  quantum  well  pumping.  Since  electrons  and  holes  are  injected 
from  two  different  sides  of  the  p/n  junction  and  they  have  to  overcome 
many  potential  barriers  to  reach  the  other  end,  each  well  may  have  a  different 
carrier  population,  so  called  nonuniform  pumping.  When  nonuniform 
pumping  occurs,  those  heavily  populated  wells  experience  gain  saturation 
and  higher  Auger  recombination,  and  those  imder  populated  wells  provide 
low  optical  gain.  To  realize  the  maximum  advantages  of  multiple  quantum 
well  structures  in  long  wavelength  VCSELs,  we  have  to  imderstand 
nonuniform  pumping  and  develop  schemes  to  minimize  it. 
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Fig.  7  Normalized  optical  gain  distribution  among  the  quantum  wells  due  to  nonuniform 
carrier  injection  (pumping).  Nonuniform  pumping  effect  is  much  more  serious  for 
xmdoped  quantum  wells  (a)  than  for  quantum  wells  with  an  exponential  p-doping 
profile  (b). 

Our  analysis  was  based  on  die  assumption  that  holes  are  the  bottleneck  for 
carrier  transport  because  of  their  low  mobility.  This  assumption  is  still  valid 
even  when  the  concept  of  mobility  can  not  be  applied  because  the  transport  of 
heavy  holes  in  the  surface  normal  direction  is  much  more  difficult  than 
electrons.  Based  on  our  previous  studies  on  quantum  capture  and  escape 
processes  and  carrier-phonon  scattering,  we  incorporated  these  quantum 
transport  effects  into  the  rate  equations  of  strain-compensated  MQW  lasers  to 
study  the  nonuniform  pumping  effect.  Foe  each  quantum  well,  we  had  one 
equation  for  the  2D  (confined)  electrons  and  one  for  the  2D  (confined)  holes. 
This  yielded  2N  coupled,  nonlinear  differential  equations  for  a  structure  with 
N  quantum  wells.  In  addition,  we  had  one  equation  for  photons  and  one  for 
3D  holes  to  describe  the  carrier  motion  in  the  unconfined  states.  In  spite  of 
the  very  involved  mathematics,  we  solved  the  problem  numerically  and 
drew  important  conclusions.  Figure  7(a)  shows  the  effect  of  nonuniform 
pumping  for  15  strain-compensated  quantum  wells.  Clearly,  those  wells  close 
to  Ihe  p-side  receive  much  more  carriers  and  have  a  much  higher  gain  than 
those  away  from  the  p-side,  which  manifests  the  effect  of  nonuniform 
pumping.  To  alleviate  this  problem,  we  propose  to  introduce  a  p-doping 
profile  during  material  growth  that  can  compensate  for  the  decreasing  hole 
population.  Assisted  with  numerical  analysis  and  physical  insight,  we  found 
that  the  most  effective  p-doping  profile  had  an  exponential  fimction  with  a 
characteristic  length  of  the  order  of  the  diffusion  length  of  holes  in  the 
separate  confinement  and  barrier  region.  Figure  7(b)  shows  the  improvement 
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achieved  with  such  a  p-type  doping  profile.  After  canying  out  further 
cah^ho^,  we  found  that  a  50%  increase  in  the  net  optical  gain  can  be 

achieved  ^  the  proposed  p-doping  profile  is  employed  to  minimize  the  effect 
of  nonumform  pumping. 

SCIENTIFIC  IMPACT  OF  RRSFAPrwr 

Our  theoretical  and  experimental  research  has  contributed  substantially  to  the 
goal  of  makmg  1.3/1.55  micron  VCSELs  that  can  meet  the  most  stringent 
system  requirements.  Because  of  the  overwhelming  advantages  of  VCSELs 
over  conventional  edge  emitting  lasers  in  both  cost  and  performance,  there  is 

huge  market  potential  for  1.3/1.55  pm  VCSELs  in  data  and  tele 
communication  and  cable  TV  industries.  In  addition,  there  will  be 
^plications  generated  from  the  imique  characteristics  of  1.3/1.55  pm  VCSELs. 
These  apphcations  include  high-speed  parallel  array  interconnect,  optical 
microwave  Imks,  phase  array  antenna,  fiber  sensors,  fiber  optic  gyroscopes 
gas  sensmg,  and  medical  applications.  Because  the  design  concepts  Ind 
teclmologies  we  used  to  fabricate  1.3/1.55  pm  VCSELs  are  very  generic  our 

on  the  research  of  mid  infrared,  visible  and'  UV 
VCSELs.  This  IS  particularly  true  for  InGaSb-based  and  GaN-based  VCSELs. 
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OBIECnVE 

The  objective  of  this  task  is  to  improve  the  performance  of  long-wavelength 
optical  detectors  for  millimeter-wave  applications.  In  the  process  this  task 
exploits  Cornell's  strength  in  material  growth  (Shealy)  and  device  simulation 
(Krusius).  Our  goal  is  to  optimize  the  efficiency  bandwidth  product  of 
detectors  with  a  view  to  developing  devices  appropriate  for  future  DoD 
optoelectronic  systems. 

We  have  focused  our  efforts  on  the  metal-semiconductor-metal  (MSM) 
detector.  Its  simple  material  requirements  make  it  relatively  easy  to  integrate 
with  more  complex  devices  such  as  heterostructure  transistors.  However,  in 
spite  of  its  simple  structure,  the  MSM  photodiode  is  capable  of  extremely  high 
speed  performance. 

The  main  goals  of  this  task  are  therefore  to  develop  tools  for  the  design  of 
MSM  detectors,  establish  compatible  fabrication  process  for  the  integration  of 
HEMTs  with  detectors,  and  improve  upon  the  state-of-the-art  for  measuring 
these  detectors  above  50  GHz. 

DISCUSSION  OF  STATE  OF  THE  ART 

High  speed  photodetectors  are  in  demand  for  lightwave  communications, 
optical  computing,  sensors,  material  characterization,  and  optoelectronic 
circuits.  Photodetectors  can  be  categorized  into  two  groups,  photoconductors 
and  photodiodes.  In  photoconductors,  conductivity  is  increased  through  the 
generation  of  carriers  in  a  semiconductor  region  located  between  two  ohmic 
contacts.  Photoconductors  have  been  widely  used  in  optoelectronic  circuit 
characterization  such  as  in  pump-probe  sampling  circuits.  The  response 
speed  of  a  conventional  photoconductor  is  limited  by  material  properties, 
namely  carrier  transit  time,  carrier  lifetime  due  to  recombination,  generation, 
traps,  impurities,  and  carrier  diffusion.  Recently,  photoconductors  with 
response  times  in  the  sub-picosecond  range  have  been  obtained  by  material 
modification  processes  such  as  ion  implantation  to  decrease  carrier 
lifetimes[l].  Low-temperature-grown  GaAs  (LT  GaAs)  has  been  also  used  as 
substrate  material  for  photoconductive  detector  with  a  response  time  of  1.2  ps 
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and  a  bandwidth  of  375  Ghz[2].  Because  the  electrodes  of  a  photoconductor 
are  ohmic,  additional  charge  can  be  injected  at  the  contacts  as  a  result  of 
differences  in  hole  and  electron  velocities  Noise  is  a  major  problem  in 
photoconductors.  The  finite  dark  conductivity  of  the  device  generates  a 
randomly  fluctuating  backgroxmd  Johnson  noise  current. 

Unlike  photoconductors,  photodiodes  have  a  rectifying  junction  which 
considerably  reduces  the  Johnson  noise  when  reverse  biased.  In  photodiodes, 
light  absorption  and  electron-hole  pair  generation  occur  in  ttve  depletion 
region.  Shot  noise  generated  in  the  depletion  region  of  photodiodes  is 
considerably  smaller  than  Johnson  noise  in  photoconductors.  Quantum 
efficiency  and  response  speed  of  photodiodes  are  closely  related  parameters. 
Optimizing  response  speed  by  minimizing  electrode  separation  in 
photodiodes  dictates  that  the  active  area  be  small  which  makes  focusing  light 
into  the  device  difficult.  Therefore,  a  compromise  has  to  be  made  between 
fast  response  times  and  high  quantum  efficiency. 

The  fastest  compound  semiconductor  detectors  reported  are  GaAs  Schottky 
barrier  photodiodes[3]  and  metal-semiconductor-metal  (MSM)  photo- 
detectors[4,5].  Schottky  barrier  photodiodes  require  multi-level  fabrication 
steps  witii  level-to-level  alignment  for  high  speed  response.  In  the  Schottky 
photodiode  (Fig.  1),  incident  light  passes  ^ough  a  semi-transparent  Schottky 
metal  contact  and  generates  electron-hole  pairs  in  the  depletion  region.  The 
response  time  is  limited  either  by  transit  time  across  the  depletion  region  or 
the  RC  time  constant  of  the  device.  To  minimize  the  transit  time,  a  thin 
absorption  layer  is  desirable  but  this  leads  to  a  large  jimction  capacitance.  To 
reduce  the  junction  capacitance,  the  active  area  of  the  diode  should  be  small. 
The  number  of  photons  collected,  however,  decreases  with  smaller  area.  The 
minimum  active  area  is  ultimately  determined  by  the  diameter  of  the 
illumination  beam.  Transparent  indium  tin  oxide  (ITO)  has  been  used  to 
serve  as  an  anti-reflection  coating  and  Schottky  contact  simultaneously,  thus 
reducing  the  series  resistance  associated  with  the  thin  metal  layer  and 
increasing  efficiency  at  the  same  time[6]. 


Ohmic  Contact 


Semi-transparent 


Schottky  Contacts 


Figure  1.  Diagram  of  a  Schottky  barrier  photodiode  and  MSM  detector  in  a  planar  coplanar 
waveguide  configviration.  Interdigitated  fingers  are  used  in  the  MSM  to  produce  a  large 
effective  cross-section  for  light  incident  from  the  top. 
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In  contrast,  the  MSM  detector  (Fig.  1),  has  a  simple,  planar  horizontal 
struchire,  but  requires  electron  beam  lithography  to  achieve  the  small 
electrode  spacing  required  for  short  transit  time  operation.  MSMs  have  been 
reported[4]  with  finger  spacings  as  small  as  25  nm  and  a  response  time  of  0.87 
ps  on  LT  GaAs.  The  low  efficiency  of  MSM  photodiodes  is  due  to  the 
shadowing  effect  of  the  metal  electrodes,  reflection  at  the  semiconductor 
sxuTace  and  incomplete  absorption  in  the  active  layer.  An  anti-reflection 
coating  can  be  used  to  reduce  the  surface  reflection.  Superlattice  structures 
have  been  used  underneath  the  absorption  layer  to  enhance  the  quantum 
efficiency  by  reflecting  any  of  the  signal  which  passes  completely  through  the 
absorbing  region  back  in  the  device[5]. 

In  an  MSM  detector,  the  electrodes  form  back-to-back  Schottky  contacts.  With 
an  applied  voltage,  one  contact  is  always  reverse  biased,  and  the  leakage 
through  this  junction  (dark  current)  adversely  affects  detection  sensitivity. 
Thus  dark  current  is  minimized  by  forming  contacts  with  high  Schottky 
barriers.  On  GaAs  this  is  readily  accomplished.  However,  with  long 
wavelength  (1.3  |xm-1.55  nm)  detectors  using  Ino.53Gao.47As  absorbing  regions 
a  problem  arises  due  to  the  low  barrier  heights  on  this  material.  Hig^  barriers 
must  be  obtained  by  adding  a  barrier  enhancement  layer.  A  number  of 
different  materials  have  been  used  for  this  purpose  including  Ino.52Alo.48As[7] 
and  InP[8],  and  more  recently  strained  AIInP[9]  and  GaInP[10].  The  latter 
obtained  very  low  dark  current  densities  of  4.5  pA/ pm^. 

Another  approach  to  improving  the  Schottky  contact  involves  passivating 
the  surface  states  to  release  the  Fermi  level  pinning,  and  then  using  a  high 
work  function  metal  to  form  ihe  contact.  Both  phosphidization[ll]  and 
sulfide  passivation[12]  have  been  tried.  With  the  latter,  an  MSM  detector  was 
fabricated  using  a  sulfur  treated  InP  barrier  enhancement  layer.  The  dark 
currents  of  this  structure  were  quite  high  however. 

To  date,  the  fastest  MSMs  operating  at  the  longer  wavelengths  have  been 
achieved  with  short  lifetime  material.  Impulse  responses  approaching  1  ps 
have  been  achieved  with  low-temperature  grown  GaInAs[13],  and  an 
GalnAs/GaAs  on  GaAs  super  lattice  produced  a  lifetime-limited  response  of 
3.3  ps[14].  Devices  fabricated  on  long-lifetime  material  have  been  reported 
with  responses  of  13  ps[15]  and  14.7  ps[16],  though  it  should  be  noted  tiiat  both 
these  values  are  possibly  influenced  by  measurement  system  limitations.  The 
spacing  between  electrodes  for  these  was  1  pm  and  1.4  pm  respectively;  very 
little  work  has  been  done  with  sub-micron  electrode  spacing  for  long 
wavelength  detectors. 
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AUnAs/GalnAs  MSM  photodetectors  have  been  successfully  fabricated  on 
both  MOCVD  and  MBE  grown  material.  These  detectors  were  fabricated  with 
copper  Schottky  contacts  because  copper  was  found  to  produce  a  comparable 
or  slightly  improved  barrier  compared  to  that  of  Ti/Pt/Au.  The  devices  have 
very  low  dark  currents,  in  the  low  nanoamp  regime  for  biases  up  to  10  V,  and 
a  fast  response  (17  ps  FWHM)  which  has  been  characterized  by  electrooptic 
sampling.  Device  operation  witii  intense  light  and  low  bias  has  been 
investigated  and  was  foimd  to  be  strongly  influenced  by  the  presence  of  the 
energy  band  discontinuities  between  the  GalnAs  and  the  AlInAs. 

Also,  electrooptic  sampling  has  been  used  to  verify  the  accuracy  of  the 
inductive-loop  photoconductive  sampling  technique  developed  in  the 
previous  reporting  period. 

i)  Copper  Schottky  Metal:  Copper  was  chosen  for  the  Schottky  metal  because 
it  was  observed  that  a  copper  junction  appeared  to  give  an  improved  dark 
current  over  that  of  Ti/Pt/Au.  An  example  of  this  is  seen  in  Figure  2,  where 
the  reverse  current  density  through  two  large  area  pads  are  compared  for  each 
type  of  metallization.  The  copper  current  is  seen  to  be  half  that  of  the 
Ti/Pt/Au. 

On  GaAs  the  Schottky  barrier  height  depends  significantly  on  the  metal 
type[17].  For  example,  Au  has  a  barrier  height  which  is  0.13  eV  larger  than 
that  of  Ti  for  a  clean,  cleaved  surface.  This  corresponds  to  a  factor  of  200 
difference  in  reverse  saturation  current.  It  is  reasonable  to  expect  that 
significant  improvements  in  barrier  height  on  AUnAs  (or  other  barrier 
enhancement  materials)  may  also  be  achieved  by  optimization  of  the  metal 
type.  To  date  no  sptematic  study  has  been  performed  on  AlInAs  to 
characterize  barrier  height  as  a  function  of  metal  type.  An  improved  Schottky 
contact  would  benefit  InP  based  HEMTs  as  well  as  MSM  detectors. 
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Figure  2.  Dark  current  of  large  area  pads  formed  with  Cu  and  Ti/Pt/Au  metallizations. 

Possible  drawbacks  to  using  alternate  Schottky  metals  are  incompatibility  with 
process  steps  and  jtmction  instability  (copper  has  a  very  high  diffusion 
coefficient  in  semiconductors).  While  evaluating  the  suitability  of  copper  or 
other  metal  contacts  for  long-life  device  operation  is  beyond  the  scope  of  this 
work/  it  should  be  noted  that  a  moderate  change  in  device  dark  current  has 
been  observed  over  a  four  month  period.  Figure  3  shows  the  change,  which  is 
a  decrease  in  dark  current  by  roughly  a  factor  of  two.  This  corresponds  to  an 
increase  in  the  barrier  height  of  0.017  eV.  Copper  contact  pads  have  also  been 
placed  in  an  air  oven  to  determine  effects  of  higher  temperatures.  Baking  at 
100  C  for  15  minutes  decreased  the  dark  current  by  a  factor  of  2.  An  additional 
15  minutes  at  150  C  had  no  further  effect.  Increasing  the  temperature  to  250  C 
caused  the  dark  I-V  to  change  noticeably  in  shape  and  the  current  to  decrease 
further  in  magnitude.  The  mechanism  causing  this  behavior  has  not  been 
investigated. 
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Figure  3.  Dark  currents  obtained  immediately  after  fabrication  and  four  months  later  for  copper 
Schottky  metal. 

ii)  Device  Structure:  The  material  structure  used  for  the  devices  is  as  follows: 
semi-insulating  InP  substrate,  200  nm  InP  buffer  layer,  900  nm  GalnAs 
absorbing  layer,  100  nm  AlInAs  barrier  enhancement  layer  and  a  4  nm  layer 
of  GalnAs  to  minimize  oxidation  of  the  aluminum  containing  layer.  (See 
Figure  4)  To  remove  oxides,  processing  began  with  a  wet-etch  in  H3PO4/H2O2 
of  approximately  50  nm  of  AlInAs.  Photolithography  with  image  reversal 
and  liftoff  was  then  used  to  pattern  the  interdigitated  fingers  using  thermally 
evaporated  Cu  (20  nm)  and  Au  (50  nm).  Finger  width  was  1  ^im  and  finger 
spacing  was  1  or  2  ^.m.  Adhesion  of  the  copper  to  the  AlInAs  was  adequate 
and  caused  no  processing  problems.  A  wet-etch  using  a  photoresist  mask, 
H3PO4/H2O2  and  HCI/H3PO4  (to  etch  the  InP  buffer  layer)  was  then  made  to 
define  a  mesa  around  the  active  area.  Polyimide  was  spun  over  the  entire 
substrate  and  windows  were  etched  using  oxygen  RIE  to  allow  contact  to  the 
Schottky  metal.  Pads  and  transmission  lines  were  then  formed  from  0.5  {im 
evaporated  metal.  Some  devices  were  positioned  in  the  ends  of  4  mm  long 
coplanar  waveguide  to  permit  reflection  free  sampling  of  device  response. 


I  =  Schottky  metal 

g  =  Polyimide 
g  =  Thick  metal 

n  =  AlInAs 
0  =  GalnAs 
^  =  lnP 


Figure  4.  Device  struchure. 

iii)  Dark  Current:  Device  dark  current  is  seen  in  Figure  5  for  a  device  with  2 
mm  spaces  and  a  20x20  [xm^  active  area.  The  current  at  10  V  is  8.3  pA/pm^  of 
annode  area,  or  3.8  pA/pm^  of  detection  area.  This  compares  very  favorably 
with  the  best  previously  reported  devices:  for  a  3  ^im  spacing  device  with 
Ti/Pt/Au  on  AlInAs[18],  the  dark  current  at  10  V  was  3  pA/pm^  of  detection 
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area;  note  that  smaller  dark  currents  are  expected  with  wider  electrode 
spacing.  Current  densities  obtained  with  large  pads  and  30  pm  spaces  were  0.3 
pA/pm2  at  10  V.  The  higher  dark  current  of  the  device  compared  to  the  pads 
is  caused  by  the  large  perimeter/area  ratio  of  the  interdigitated  fingers  and  the 
narrow  finger  separation  which  causes  high  fields.  Based  on  the  thermionic 
emission  theory  and  a  saturation  current  of  0.1  pA/ pm^  for  the  large  pads,  the 
barrier  height  is  foimd  to  be  0.63  eV.  This  is  in  reasonable  agreement  with  the 
value  of  6.1  foimd  m[ll]  for  copper  on  AUnAs. 


Figure  5.  Dark  and  illuminated  currents  for  a  device  with  2  pn  finger  spaces  demonstrate 
s)mimetric  response  of  back-to-back  diodes. 

iv)  Charge  Storage:  Photocarriers  generated  in  the  absorbing  layer  must 
surmount  discontinuities  in  the  valence  and  conduction  bands  as  they  pass 
from  the  GalnAs  into  the  AUnAs.  For  the  electrons,  this  barrier  is  0.5  eV,  and 
for  the  holes  it  is  0.2  eV.  At  lower  biases  these  discontinuities  can  cause 
charge  storage  at  the  interface.  While  it  is  possible  to  grade  the  junction  so  as 
to  reduce  this  effect[16],  such  a  device  is  no  longer  directly  compatible  with 
AlInAs/GalnAs  H-MESFET's. 

T  1 

Ul  V  rs,  y tt! 

©e©©©®©®©  ®  ®  ®  ®  ®  ®  ® 

GalfiAs  ( recombination) 

^=0.77 


Figure  6.  Detector  with  charge  storage.  Carriers  created  far  from  a  contact  are  trapped  in  the 
GalnAs  and  recombine,  and  friose  created  close  to  a  contact  contribute  to  the  photocurrent. 
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Charge  storage  in  AlInAs/GalnAs  MSM  detectors  has  been  studied[18],  and 
the  dominant  effects  are  screening  of  the  field  in  the  absorbing  region  which 
causes  carrier  trapping  and  increased  recombination.  (Fig.  6)  Thus 
responsivity  decreases  and  transit  time  for  carriers  generated  in  the  GalnAs 
increases.  The  degree  of  charge  storage  depends  on  both  intensity  and  bias, 
and  is  greatest  at  high  intensities  and  low  biases. 

In  addition  to  the  above,  we  observed  further  effects  of  charge  storage.  In  the 
limit  of  extreme  charge  build-up,  the  GalnAs  becomes  conducting  and  the 
field  is  concentrated  in  the  enhancement  layer.  This  results  in  significant 
increase  of  device  capacitance  due  to  the  thin  enhancement  layer.  This 
change  in  capacitance  was  observed  using  CW  illumination  at  633  nm  and  a 
network  analyzer  to  measure  the  complex  device  impedance  at  12.5  GHz. 
The  result  is  seen  in  Figure  7,  where  the  capacitance  at  low  bias  levels  changes 
by  more  than  a  factor  of  10  with  illumination  of  0.4  mW.  As  bias  is  increased, 
greater  intensities  may  be  detected  before  the  onset  of  charge  storage. 


Figiire  7.  Device  capacitance  vs.  illumination  illustrates  the  effects  of  charge  storage. 

A  further  example  of  charge  storage  is  foimd  in  the  temporal  response  of  the 
devices.  Under  intense  illumination  and  low  bias  conditions,  devices 
without  an  enhancement  layer,  such  as  those  fabricated  on  S.I.  GaAs  earlier  in 
this  study,  produce  a  step-like  response.  The  risetime  is  very  fast  and  the 
falltime  is  slow,  likely  determined  by  the  carrier  lifetime.  The 
AlInAs/GalnAs  devices,  however,  exhibit  a  markedly  different  behavior.  A 
comparison  of  the  two  types  of  devices  is  seen  in  Figure  8,  where  their 
responses  to  an  intense  800  nm  impulse  of  light  have  been  measured  with  a 
sampling  oscilloscope.  In  contrast  to  the  GaAs  device,  the  AlInAs/GalnAs 
device  produces  a  small  but  very  fast  response  (the  results  in  the  figure  have 
been  normalized  -  the  peak  of  the  AUnAs/GalnAs  response  is  actually  about 
10  times  smaller  than  the  GaAs.)  The  size  of  this  response  scales  nearly 
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linearly  with  bias;  electrical  pulses  -0.5  V  in  magnitude  have  been  attained  at 
biases  of  2-3  V.  At  larger  biases,  the  devices  are  easily  damaged  due  to  the 
large  potential  across  the  thin  AlInAs  layer.  A  fast  response  imder  similar 
conditions  for  a  barrier  enhanced  device  has  been  previously  reported[19]. 

Two  mechanisms  likely  contribute  to  the  fast  charge  storage  response  of 
AUnAs/GalnAs.  The  first  is  that  screening  by  charges  in  the  GalnAs  layer 
diminish  the  field  ever5rwhere  except  in  close  vicinity  to  the  electrodes.  Thus, 
only  carriers  generated  in  the  enhancement  layer  close  to  the  contacts 
experience  a  significant  field,  and  only  these  carriers  with  short  transit  times 
are  collected.  Secondly,  as  suggested  by  [19],  the  carriers  created  in  the 
enhancement  layer  fall  quickly  into  the  GalnAs  potential  so  that  their 
lifetime  in  the  AlInAs  is  short.  Both  mechanisms  rely  on  carrier  generation 
in  the  AlInAs  so  this  mode  of  operation  would  not  be  present  at  longer 
wavelengths. 
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Figure  8.  Comparison  of  AlInAs/GalnAs  MSM  and  GaAs  MSM  under  low  bias/  high  intensity 
operation.  The  fastest  response  is  scope  limited. 

v)  Electrooptic  Sampling:  The  high  speed  response  of  the  GaAs  devices 
previously  fabricated  were  characterized  using  photoconductive  sampling 
with  an  inductive  loop[20].  This  method  relies  on  the  step-like  response  of 
the  GaAs  devices  imder  low  bias  and  high  illumination.  From  the  above  it  is 
seen  that  such  an  approach  will  not  work  with  the  AlInAs/GalnAs  devices. 
Instead,  electrooptic  sampling  with  subpicosecond  resolution  was  used  to 
characterize  these  devices. 

The  electrooptic  sampling  system[21,22]  used  a  mode-locked  TirSapphire  laser 
at  800  nm  and  an  external  LiTaOs  crystal  with  total  internal  reflection  to 
sample  the  signal  on  the  transmission  line  approximately  800  pm  from  the 
device  under  test.  Results  for  an  AlInAs/GalnAs  device  with  1  pm  finger 
spaces  are  seen  in  Figure  9  for  a  0.12  pj  optical  pulse  and  a  9  V  bias  voltage. 
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Under  these  conditions  charge  storage  should  be  minimal.  The  FWHM  is  17 
ps  and  the  response  is  transit  time  limited.  The  longer  tail  is  caused  mainly 
by  the  slower  holes,  although  theoretical  studies[23]  indicate  that  even  at  this 
bias  level  tihere  may  still  be  charge  storage  effects  contributing  to  the  long  tail. 
This  result  is  comparable  to  (2-4  ps  slower)  the  best  reported  devices  to  date. 
The  reflection  from  the  end  of  the  bond  wire-terminated  transmission  line  is 
seen  at  56  ps. 


Figure  9.  High  bias/low  intensity  response  of  AUnAs/GalnAs  device  with  1  jim  fingers  and 
spaces.  Measured  with  electrooptic  sampling. 

The  result  of  sampling  the  same  device  in  the  charge-storage  regime  of 
operation  is  shown  in  Figure  10.  Now,  because  of  the  large  device  capacitance 
xmder  illumination  and  the  reduced  transit  time  as  mentioned  above,  the 
response  is  dominated  by  the  RC  time  constant.  Based  on  the  network 
analyzer  measurements,  the  capacitance  is  assumed  to  be  350  fF  for  this 
device;  with  the  55  ohm  transmission  line  impedance,  the  decay  should  have 
a  time  constant  of  19.3  ps,  which  is  close  to  the  observed  value  of  20  ps. 
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Figure  10.  Same  device  as  in  Figure  9,  operating  in  the  charge  storage  regime.  The  decay  is  now 
determined  by  the  RC  time  constant  because  of  the  large  illuminated  device  capacitance. 

Due  to  the  high-intensity  requirements  of  charge-storage  operation 
(responsivity  is  reduced  for  tiie  present  devices  by  more  than  two  orders  of 
magnitude),  this  mode  of  operation  is  not  well  suited  for  communications 
applications.  Increasing  the  enhancement  layer  thickness  to  an  optimum 
value  should  significantly  improve  bodi  responsivity  and  speed.  Then 
charge-storage  operation  may  find  use  in  low-bias/high  speed  detection  of 
sufficiently  intense  light,  or  as  a  means  to  generate  volt-level  high-speed 
electrical  transients  with  a  large  area  planar  detector. 

vi)  Comparison  of  Inductive  Loop  and  Electrooptic  Sampling:  The 
electrooptic  sampling  result  for  a  GaAs  device  is  seen  in  Figure  11  and 
compared  with  titat  obtained  by  inductive  loop  sampling.  It  is  seen  that  the 
agreement  between  the  two  methods  is  quite  good.  The  measurements  were 
made  at  different  voltages,  but  this  should  make  little  difference  since  the 
GaAs  device  response  changes  little  from  5  V  to  8  V. 
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Figure  11.  Comparison  between  sampling  with  an  inductive  loop  and  electrooptic  sampling  in 
order  to  verify  the  accuracy  of  the  inductive  loop  method.  It  is  not  known  what  causes  the 
feature  near  Ihe  peak  of  the  electrooptic  result. 

SCIENTinC  IMPACT  OF  RESEARCH 

This  work  highlights  the  possibility  of  improving  Schottky  contacts  on 
AlInAs  by  proper  choice  of  metal.  This  has  been  demonstrated  by  the 
fabrication  of  high  performance  MSM  photodetectors  using  copper  as  the 
Schottky  metal.  The  device  performance  of  17  ps  FWHM  and  3.8  pA/pm^  is 
comparable  to  that  of  the  best  devices  reported  for  any  long-wavelength 
MSM.  Also,  device  operation  with  charge-storage  has  been  studied,  and 
identified  as  a  possible  low-bias  means  to  detect  sufficiently  intense  high¬ 
speed  optical  pulses  and  generate  volt-level  high-speed  electrical  signals  using 
an  MSM  detector. 

Photoconductive  sampling  with  an  inductive  loop  has  been  compared  to 
electrooptic  sampling  and  the  two  methods  were  found  to  be  in  good 
agreement. 
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